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The  development  of  a rational  procedure  for  determining  the 
loads  which  a ship's  hull  must  withstand  Is  a primary  goal  of  the  Ship 
Structure  Committee.  The  long-term  goal  Is  to  bring  about  a stage  of 
ship  design  in  which  load  criteria  can  be  established  directly  from 
analysis  of  the  expected  seaway,  the  strength  and  flexibility 
characteristics  of  the  hull,  and  the  interaction  between  the  ship 
structures  and  the  sea. 


Considerable  research  activity  has  been  devoted  to 
theoretical  studies  on  the  prediction  of  hull  loads  and  to  measurements 
of  response,  both  on  models  and  on  ships  at  sea.  A first  effort  into 
the  synthesis  of  the  results  of  these  diverse  'Efforts  into  a rational 
load  criteria  was  published  in  1973  as\SSC-240,  LOAD  CRITERIA  FOR  SHIP 
STRUCTURAL  DESIGN.  \ V 


Subsequently,  the  Ship  Structure  Committee  undertook  the 
present  project  to  apply  the  statistically  based  load  predictions  to 
those  ships  for  which  actual  stress  records  and  service  repair  histories 
were  available.  This  report  describes  the  result*,  of  that  project. 
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if* .Still -water  due  to  weight  and  buoyancy^ 
cj  Ship's  own  wave  train] 

o Quasi-static  wave- Induced,  vertical  and  lateral  combinedj  , 
o Dynamic  loads.  Including  slamming,  whipping  and  springing^  AA'A. 
j>  Thermal  effects,") 

C^Here  the  service  and  full-scale  stress  data  of  three  larger  and/or  faster  ships 
(Containership  SL-7,  Bulk  Carrier  FOTINI-l  and  very  large  Crude  Carrier  UNIVERSE 
IRELAND)  are  examined  for  the  purpose  of  the  eventual  development  of  hull-girder 
criteria.  The  examination  is  limited  to  extreme  midship  bending  moment  loads  which 
are  related  to  the  ultimate  strength.  *4  t 


An  assessment  is  made  of  the  compatibility  between  the  service  and  stress  data  of  the 
distinctly  different  study  ships  and  the  analysis  methods  of  SSC -2f«0  and  their  assump 
tlons  for  cargo  ship  type. 


Considerable  insight  is  obtained  into  the  probable  correct  mathematical  approximations 
of  the  loads  and  their  Interrelationships. 


It  appears  that  still-water  bending  moments  can  be  approached  probabilistically,  how 
ever,  considerable  additional  information  on  experienced  loading  conditions  must  be 
gathered  to  determine  the  statistical  di str Ibu t Ions . 


Additional  effort  is  required  to  determine  the  suitable  probabilistic  expression  and  a 
synthesis  method  for  the  contribution  of  vibration  to  the  extreme  load.^r 
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1 . 1 Background  and  Objectives  of  Project 

The  Ship  Structure  Committee  is  committed  to  the  development  of  rational 
procedures  for  the  design  of  the  main  hull  girder  of  ships.  Rational  procedures 
imply  the  capability  of  predicting  the  loads  and  structural  response  based  on 
theory  and  statistical  data  with  minimum  reliance  on  experiments  and  experience 
factors  or  factors  of  ignorance.  This  goal  is  being  pursued  by  improving  analytical 
methods,  conducting  model  experiments,  gathering  full-scale  data,  correlating 
their  results  and  comparing  them  with  existing  design  procedure. 

This  project  is  devoted  to  extreme  midship  bending  moment  loads  which  are 
related  to  the  ultimate  strength  of  the  main  hull  girder  of  ships.  Its  purpose 
was  to  perform  calculations  using  recently  developed  statistically  based  load-pre- 
diction techniques  and  to  compare  the  results  with  actual  values  and  with  service 
experience. 

Essentially,  the  study  is  a follow-up  to  the  Ship  Structure  Committee 
Project  SR- 1 98  published  as  SSC-2A0  report,  "Load  Criteria  for  Ship  Structural 
Design",  (1)*.  The  heart  of  SSC-240  was  the  set  up  of  the  ultimate  load  criterion 
for  the  main  hull  girder  involving  the  following  bending  moments: 

o Still -water  due  to  weight  and  buoyancy 

o Ship's  own  wave  train 

o Quasi -static  wave- induced , vertical  and  lateral  combined 

o Dynamic  loads,  including  slamming,  whipping  and  springing 

o Thermal  effects 

Determination  of  each  of  the  loads  was  reviewed  and  the  methods  of  combin- 
ing loads,  all  expressed  in  probability  terms,  were  considered  in  the  SSC -2^+0  pro- 
ject. Finally,  calculations  of  loads  were  carried  out  for  a typical  cargo  ship, 
the  S.S.  WOLVERINE  STATE,  by  application  of  the  methods  developed.  The  results 
were  compared  with  the  standards  under  which  the  ship  was  designed. 

This  meant  that  the  procedures  for  analytical  predictions  and  load  super- 
position presented  were  validated  for  one  particular  ship  type.  For  universal 
application  of  these  procedures,  it  was  necessary  to  determine  their  applicability 
to  markedly  different  ship  types. 

Consequently,  the  broad  objective  of  this  project  was  to  perform  similar 
calculations  and  comparisons  of  results  for  three  ships,  namely  a modern  container- 
ship,  a bulk  carrier  and  a very  large  crude  carrier.  Since  this  project  was  limited 
to  ultimate  strength,  it  was  necessary  to  focus  attention  on  maximum  loads,  their 
superposition  and  their  probability  of  occurrence. 

Throughout  the  study  the  philosophy  maintained  was  that  the  first  priority 
should  be  given  to  obtaining  maximum  insight  Into  the  correct  mathematical 


*Numbers  In  parenthesis  refer  to  references  listed  in  Section  8. 
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approximation  of  the  loads  and  their  relationships  and  the  second  priority  should 
be  given  to  the  accomplishment  of  the  actual  numerical  calculations.  The  reason 
for  this  attitude  was  that  there  would  always  remain  an  element  of  doubt  in  the 
results  of  the  calculations  and  consequently,  their  value  would  be  lessened  if 
they  involved  unproven  hypotheses.  In  all  the  tasks  a point  was  made  to  identify 
the  gaps  in  the  rational  design  procedure  which  should  be  filled  in  with  follow-on 
projects.  The  philosophy  also  Intended  to  shed  light  on  the  probable  limitations, 
if  there  be  any,  of  the  practicality  of  a completely  rational  procedure  and  to 
what  extent  it  must  be  combined  with  empiricism. 

One  of  the  intrinsic  and  Important  responsibilities  of  this  study  was  to 
examine  the  validity  of  the  available  full-scale  data  and  to  determine  if  the 
analysis  methods  of  SSC-2A0  and  their  assumptions  for  conventional  dry  cargo 
ships  were  compatible  with  service  and  stress  data  of  the  three  larger  or  faster 
ships. 

1 .2  Selection  of  Study  Ships 

It  was  desirable  that  the  project  select  three  different  ship  types  which 
represented  the  latest  trends  in  ship  design.  The  ship  types  should  be: 

a.  A large,  high-speed  containership 

b.  An  ocean-going  dry  bulk  carrier,  and 

c.  A very  large  crude  carrier  (VLCC) 

From  a practical  viewpoint  it  was  necessary  that  specific  ships  be  selected  for 
which  service  data  and  full-scale  stress  data  existed  and  would  be  available. 

The  choice  of  the  SL-7,  the  SEA-LAND  HcLEAN,  was  an  obvious  choice  for  the 
containership.  It  is  certainly  a ship  of  today  and  at  least  the  near  future.  The 
full-scale  stress  data  for  its  first  and  second  seasons  of  operation  were  available 
at  the  initiation  of  the  study  (2,  3).  Further,  published  reports  were  available 
on  theoretical  and  experimental  estimates  of  the  SL-7  waveloads  (A,  5,  6). 

The  bulk  carrier  selected  for  the  study  was  the  FOTINI-L.  Full-scale  stress 
data  was  collected  for  the  ship  in  October  1967  to  December  1969  and  considerable 
analysis  of  this  data  had  already  been  performed  (7,  8).  This  ship  reportedly 
experiences  springing  type  vibrations.  Subsequent  to  full-scale  measurements,  the 
vessel  had  been  converted  to  a self  unloader  and  the  old  operations  information 
was  not  available.  However,  the  logbooks  of  the  sister  ship,  MARKA-L,  which 
continues  to  operate  as  a bulk  carrier,  were  obtained. 

Amongst  the  VLCC's  the  SS  UNIVERSE  IRELAND  had  the  most  to  offer  as  a 
study  ship.  Full-scale  data  were  available  similar  to  the  FOTINI-L  (7).  In 
addition,  both  theoretical  and  experimental  information  on  bending  moment  was 
available  including  response  amplitude  operators  (9,  10). 

1 . 3 Tasks  and  Overview 

Once  the  study  ships  were  selected,  parallel  effort  was  devoted  to  three 
main  areas,  viz. , 

a.  Compilation  and  analysis  of  Still-water  Bending  Moment  (SWBM) 
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b.  Calculations  of  Wave-Induced  Bending  Moment  (WIBM) 

c.  Analysis  of  dynamic  loads 

In  the  SWBM  task,  it  was  intended  to  calculate  the  moments  at  midship  for 
actual  loading  conditions  experienced  at  sea;  further,  to  deduce  the  variationof 
the  SWBM  during  voyages  and  to  determine  the  distribution  (magnitude  vs.  number 
of  occurrences).  Lastly,  it  was  necessary  to  estimate  for  each  ship  the  SWBM 
for  superposition  of  loads  in  probabilistic  or  deterministic  terms,  as  indicated 
by  the  data.  To  the  surprise  of  the  investigators,  in  the  case  of  all  three  ships, 
it  was  found  that  the  logbook  data  was  inadequate  and/or  the  data  on  the  actual 
loading  conditions  unretrievable  to  establish  the  weight  distribution  along  the 
length  of  the  ship  necessary  to  calculate  the  SWBM.  In  view  of  this  predicament, 
efforts  were  made  to  combine  the  information  in  the  loading  booklets  with  the 
measured  stress  data  to  generate  the  probable  experienced  total  SWBM.  This 
effort  was  not  fruitful.  However,  most  valuable  insight  was  obtained  from  the 
full-scale  data  in  the  variation  of  the  SWBM  during  voyages. 

The  tasks  of  WIBM  was  divided  into  two  parts,  namely  short-term  and 
long-term  predictions.  The  former  was  rather  straight-forward.  Response  RAO's 
were  compiled  from  existing  sources  and  calculated  as  necessary.  Inputs  for  the 
wave  spectra  were  derived  from  published  observed  wave  data  on  the  trade  routes 
for  each  ship.  The  pre-requisite  of  the  long-term  predictions  of  the  WIBM  was 
the  validation  of  the  compatibility  of  its  assumptions  with  the  method  for  super- 
position of  loads  as  they  apply  to  the  ships  in  question.  This  task  was  combined 
with  the  task  on  dynamic  bending  moment. 

The  primary  objective  of  the  task  on  dynamic  moments  was  to  examine  the  full- 
scale  stress  data  with  the  view  of  developing  empirical  or  analytical  representa- 
tion of  the  contribution  of  vibration  (slamming,  whipping,  springing)  upon  the 
ultimate  loads  of  the  study  ships.  A great  portion  of  the  effort  was  devoted  to 
the  establishment  of  the  reliability  of  the  data  and  the  investigation  of  the 
probability  distributions  of  the  stress  components. 

The  project  did  not  reach  the  point  of  performing  all  the  numerical 
calculations  of  each  of  the  bending  moments' loads  and  their  superposition. 

The  hull  girder  design  criteria  of  A classification  societies  were  examined 
and  applied  to  the  study  ships  as  a review  of  the  current  design  practices. 

The  owners  of  each  of  the  study  ships  were  questioned  with  regard  to 
any  hull  girder  damage  of  whatever  nature  - major,  minor  or  incipient,  that  might 
be  attributed  to  high  bending  moment.  It  was  hoped  that  damage  can  be  correlated 
with  specific  full-scale  stress  data.  The  owners  reported  no  pertinent  damage. 


2.0  STILL-WATER  BENDING  MOMENTS  AND  THERMAL  EFFECTS 
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2.1  Introduction 


Still-water  bending  moment  (SWBM)  loads  and  thermal  effects  on  the  hull 
girder  have  distinct  Identities  and  normally  they  have  to  be  handled  separately; 
however,  In  this  report  it  was  found  convenient  to  present  them  In  one  section 
mainly  because  in  case  of  both  items  extensive  reference  is  made  to  the  same 
full-scale  stress  data,  as  will  be  seen  later. 

Initially,  the  Investigations  of  the  still-water  loading  Were  to  Involve 
the  following: 


i.  Calculations  of  the  SWBM  at  midship  for  all  the  different  loading 
conditions  experienced  by  each  ship  over  a period  of  6-9  months, 
preferably  during  the  instrumented  voyages. 

ii.  Reconstruction  of  the  time  history  of  the  SWBM  at  midship  and  the 
determination  of  the  distribution  (magnitude  verses  number  of 
occurrences) . 

iii.  Comparison  of  the  calculated  moments  for  the  experienced  loadings 
with  the  design  moments  and  moments  for  the  sample  loading  condi- 
tions in  the  loading  booklets. 

iv.  Estimation  of  SWBM  for  superposition  of  loads  in  probabilistic  or 
deterministic  terms,  as  indicated  by  the  data. 

In  case  of  the  SL-7  containership  and  UNIVERSE  IRELAND,  the  owners  would 
only  supply  the  loading  booklets.  Subsequent  to  the  instrumented  voyages,  the 
bulk  carrier  FOTINI-L  was  converted  to  a self-unloader.  The  new  owner  did  not 
save  the  old  files.  As  an  alternative,  the  actual  loading  conditions  and  the 
logbook  data  were  obtained  for  the  sister  ship  MV  OREMAR  (ex-MARKA-L) . Unfortu- 
nately, the  information  provided  only  the  total  cargo,  ballast  and  consumables  on 
board  at  the  beginning  and  end  of  the  voyages,  and  did  not  include  the  distribu- 
tion along  the  length  of  the  ship  to  develop  the  weight  curves. 

In  brief,  the  investigators  did  not  have  the  data  required  to  calculate 
the  SWBM  based  on  actual  experience  for  any  of  the  three  ships.  The  next  hope  was 
to  examine  the  full-scale  stress  data  and  determine  if  they  could  be  correlated 
with  typical  loading  conditions  in  the  loading  booklets.  Putting  it  another  way, 
the  question  was  whether  the  total  variation  of  the  mean  for  each  instrumented 
voyage  was  comparable  to  that  for  sample  voyages  in  the  loading  booklet.  The 
results  of  this  examination  were  negative.  If  the  results  had  been  positive, 
then  some  picture  could  have  been  formed  of  the  distribution  of  total  SWBM  by 
combining  the  sample  loading  conditions  and  the  stress  data. 

It  Is,  of  course,  a disappointment  that  no  determination  could  be  made  of 
the  experienced  total  SWBM.  However,  in  retrospect  it  Is  believed  that  most 
valuable  insight  has  been  obtained  in  the  variation  of  SWBM  during  voyages  by 
examination  of  the  full-scale  stress  data.  This  is  a significant  component  of  the 
SWBM  regarding  which  very  little  is  known. 


2-1 


This  Is  illustrated  in  Figures  2-1,  2-2  and  2-3,  Typical  Voyage  Variations 
of  the  Relative  Still-water  Bending  Stresses  (SWBS) , for  the  SL-7,  FOTINI-L, 
and  the  UNIVERSE  IRELAND,  respectively.  The  data  are  from  the  actual  full-scale 
stress  measurements  (2),  (3),  ( 7) - It  should  be  clarified  that  the  variations 
do  not  reflect  stress  changes  due  to  weight  and  buoyancy  only  which  account 
for  SWBM.  There  was  no  way  to  separate  the  various  components  of  the  mean 
stress  and  consequently  the  plots  are  for  total  stress  variation  whatever  the 
cause  may  be  such  as  ballast  changes,  reduction  of  consumables,  thermal  effects 
and  sjlip^s  own  wave  train.  The  instrumentation  was  adjusted  to  zero  at  the 
beginning  of  each  voyage  and  the  plots  are  values  of  the  mean  stress  relative  to 
this  zero  during  each  watch  or  interval  represented  in  the  TMR  (Teledyne 
Material  Research)  tapes.  It  can  be  seen  that  the  variation  of  the  mean  and  the 
diurnal  changes  Is  significant,  at  least  for  the  FOTiNI-L  and  the  UNIVERSE 
IRELAND,  a tanker  and  a bulk  carrier,  respectively. 

Until  quite  recently,  design  practices  called  for  calculating  the  SWBM 
for  probable  loading  conditions  at  the  beginning  and  end  of  voyages,  and  indicat- 
ing in  the  loading  booklet  the  extremes  (generally  in  terms  of  stress  numerals) 
within  which  the  master  must  load  his  vessel.  Now  it  can  be  seen  from  Figures  2-1, 
2-2  and  2-3  that  even  though  the  master  may  follow  the  loading  booklet  in  keeping 
the  stress  at  departure  within  the  allowable  limits,  the  variation  during  the 
voyages  may  result  in  exceeding  these  limits. 

Another  interesting  observation  that  can  be  made  from  the  sample  plots 
is  that  the  variation  of  the  mean  and  diurnal  changes  appear  to  have  a random 
nature;  based  on  this,  one  may  conjecture  that  the  estimation  of  the  SWBM  could 
be  approached  statistically  to  a certain  extent. 

The  recent  work  of  Ivanov  and  Madjoarov  (11)  states  that  the  SWBM  can  and 
should  be  approached  probabilistically.  It  claims  that:  (a)  the  maximum  SWBM's 
have  normal  distribution,  and  the  probability  of  exceeding  some  given  value  of 
SWBM  may  be  estimated,  (b)  for  ships  which  have  on-board  means  of  controlling 
the  SWBM,  the  normal  distribution  can  be  truncated,  implying  that  the  extreme 
values  can  be  controlled. 

Mano  et.  al.  (12)  examined  logbooks  of  10  conta inersh ips  and  13  tankers 
in  their  work  related  to  the  statistical  character  of  the  demand  on  the  longitu- 
dinal strength  and  long-term  distribution  of  still-water  bending  moments.  They 
found  that  the  SWBM  can  be  described  approximately  by  a normal  distribution. 
Further,  that  the  containerships  travel  in  nearly  full-load  conditions  and  that 
the  coefficient  of  variation  of  SWBM  is  about  30%.  For  tankers  in  ballast  the 
coefficient  of  variation  was  found  to  be  about  100%  and  in  full  load  about  35%. 

It  is  significant  to  note  that  Figures  2-1,  2-2  and  2-3  tend  to  substantiate 
these  findings  in  a gross  way. 

In  this  project  it  was  desired  to  obtain  a rational  method  for  the 
estimation  of  SWBM  in  order  to  perfrom  the  superposition  of  loads.  It  was 
important  that  the  proposed  method  reflect  the  actual  experience  of  the  study  ships 
and  their  full-scale  stress  data.  Basic  to  the  data  examination  was  to  determine 
if  the  SWBM's  lend  themselves  to  a complete  or  partial  probabilistic  description, 
or  if  they  should  be  approached  deterministically. 
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Figure  2-1  SL~7  - Typical  Voyage  Variation  Of  The  Relative  Still-Water  St 
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Analysis  of  Data 


Table  A-l,  A-2  and  A-3,  In  Appendix  A give  the  loading  conditions  from 
the  loading  booklets  and  the  corresponding  SWBM  stresses  for  the  SL-7,  FOTINI-L 
and  the  UNIVERSE  IRELAND,  respectively.  The  table  for  the  FOTINI-L  also  includes 
Information  on  the  loading  conditions  for  the  MARKA-L , reconstructed  approximately 
from  the  logbooks. 

The  maximum,  minimum  and  difference  of  the  relative  SWBM  for  various 
voyages  are  provided  in  Tables  A-l*  (SL-7),  A-5  (FOTINI-L)  and  A-6  (UNIVERSE 
IRELAND).  The  tables  also  include  the  results  of  the  normality  tests  conducted 
on  the  maxima,  minima  and  the  maximum  differences. 

The  maximum  diurnal  variations  of  the  mean  stress  for  one  or  more 
voyages  are  plotted  in  Figure  2-1*  (SL-7),  2-5  (FOTINI-L)  and  2-6  (UNIVERSE 
IRELAND).  It  should  be  emphasized,  as  stated  previously,  that  these  are  total 
variation  whatever  the  cause  may  be.  In  other  words,  the  plots  reflect  the 
combined  effect  of  all  loads  that  change  very  slowly.  The  discontinuities  in 
the  plots  occur  at  the  beginning  or  at  the  end  of  the  voyage  legs. 

Variation  of  thermal  stresses  are  seen  in  Figures  2-7  (SL-7),  2-8 
(FOTINI-L)  and  2-9  (UNIVERSE  IRELAND).  In  case  of  the  SL-7  and  UNIVERSE 
IRELAND,  the  figures  show  the  correlation  between  relative  stress  and  air-sea 
temperature  difference,  whereas  in  the  case  of  the  FOTINI-L  the  correlation  is 
with  air  temperature.  The  reason  for  this  is  that  the  FOTINI-L  logbook  data  in 
Teledyne's  report  has  minimal  information  on  sea  temperature.  The  magnitude 
of  the  thermal  stress  is  estimated  by  measuring  the  peaks  from  the  daily  average 
mean  stress  line  (not  plotted). 

It  should  be  emphasized  that  Figures  1 through  9 are  small  samples  of  all 
the  data  examined. 


The  still-water  bending  stress  (SWBS)  for  eight  typical  loading  conditions, 
(Table  A-l)  as  given  in  the  loading  booklet,  ranges  from  7 kpsi  to  11  kpsi, 
where  plus  values  are  hogging  and  minus  values  are  sagging. 

The  examination  of  the  full-scale  measurements  of  the  still-water  stress 
variations  for  one  six-month  winter  season  reveals  the  following: 

i.  The  largest  variations  of  the  SWBS  is  between  1 to  6 kpsi  (Table  A-l*), 

ii.  The  maximum  diurnal  stress  variation  is  approximately  1 to  3 kpsi. 

if!.  No  correlation  can  be  seen  between  thermal  stress  (l  to  2 kpsi)  and 
air-sea  temperature  difference. 

iv.  The  shielding  of  the  deck  from  the  sun  by  the  containers  may  be  the 
reason  for  the  low  thermal  stresses. 

v.  There  is  no  remarkable  change  in  SWBS  during  any  voyages  in  question. 
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Figure  2-8  FOTINI-L  Correlation  Between  Relative  SWBS  And 
Air  Temperature  Variation  From  TMR's  Data 
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Figure  2-9  UNIVERSE  IRELAND. Correlation  Plot  Between  Relative  SWBS 
And  Air-Sea  Temperature  Difference  From  TMR's  Data 


The  probable  explanation  for  the  low  variation  in  stress  during  the 
voyages  is  the  extensive  shore-side  control,  and  detailed  instructions  provided 
to  the  master.  This  practice  appears  to  be  consistent  wi th  the  operators  of 
modern  conta inershi ps . If  it  can  be  confirmed  that  containerships  are  loaded 
within  the  stress  range  allowed  by  the  loading  booklets  and  the  variation  during 
voyages  is  as  low  as  observed  for  the  SL-7,  then  it  would  appear  that  an  esti- 
mate of  the  SWBM  for  design  could  be  made  from  a truncated  statistical  distribution, 
or  even  deterministically.  A word  of  caution  should  be  added  that  the  instrument- 
ation which  recorded  stress  at  specific  time  intervals  only  may  not  have  picked 
up  abrupt  stress  changes  in  course  of  ballast  adjustments  which  could  be  signi- 
ficant. 

FOTINI-L 

Table  A-2a  and  A-2b  show  the  summary  of  the  loading  conditions  and  their 
corresponding  SWBS  taken  from  the  loading  booklet.  In  addition,  it  includes 
summary  of  loading  conditions  reconstructed  from  the  logbook  for  the  sister 
ship  MARKA-L.  This  was  accomplished  by  distributing  the  total  cargo,  ballast, 
fuel  oil  and  consumables  along  the  length  of  the  ship  to  suit  the  fore  and  aft 
drafts.  In  the  loaded  conditions  (with  cargo)  the  stress  range  is  5.2  (sagging) 
to  2.5  (hogging)  kpsi,  whereas,  in  the  ballast  condition  the  range  is  -2.5  to 
3.8  kpsi. 

As  for  typical  bulk  carriers,  the  bending  moment  curves  for  the  FOTINI-L 
supplied  in  the  loading  manual  have  several  peaks.  When  loaded  with  coal  or 
bauxite,  the  maximum  sagging  stress  occurs  approximately  10%  aft  of  midship. 

In  the  ballast  conditions,  peaks  of  the  hogging  stress  appear  at  the  quarter 
points  and  those  for  the  sagging  occur  in  the  neighborhood  of  amidships. 

Examination  of  the  full-scale  records  for  midship  stress  show  that  the 
diurnal  stress  varies  from  about  1 to  6 kpsi  with  an  average  variation  of  3 kpsi 
over  a one-year  period.  The  diurnal  stress  variation  from  the  daily  average 
could  be  considered  as  thermal  effects.  It  can  be  seen  in  Figure  2-8  that  the 
stress  levels  are  related  to  the  air  temperature  variation. 

'.1 

The  maximum  stress  variation  during  the  instrumented  voyages  range  from  2 
to  17  kpsi  (Table  A~5) . This,  of  course,  is  a sizable  variation.  The  maxima 
of  the  relative  SWBS  during  these  voyages  passed  the  normality  tests  whereas  the 
minima  and  the  differences  failed  the  normality  tests.  No  comment  can  be  made 
on  the  statistical  distribution  of  the  SWBM  since  the  bending  moment  at  beginning 
and  end  of  the  voyages  are  not  known. 

UNIVERSE  IRELAND 

According  to  the  owners  of  the  UNIVERSE  IRELAND,  the  vessel  is  loaded 
very  much  in  accordance  with  the  loading  manual.  The  loaded  conditions  (with 
cargo)  and  heavy  ballast  conditions,  always  have  sagging  stress  that  ranges 
from  -3  to  -9.3  kpsi,  (Table  A-6) . In  the  normal  ballast  condition,  there  is 
a hogging  stress  of  approximately  6.5  to  7.3  kpsi.  The  maximum  stress  occurs 
within  approximately  10%  of  midship. 

The  variation  of  the  relative  SWBS  for  the  instrumented  voyages  was 
found  to  be  quite  high,  i .e.  *4  to  19  kpsi.  The  data  show  abrupt  changes  of  5 to 
13  kpsi  in  the  mean  of  the  SWBS.  This  can  only  be  caused  during  the  period  when 
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the  tanks  were  being  cleaned  or  it  could  be  due  to  malfunction  of  the  measuring 
instruments.  (It  should  be  noted  that  in  the  case  of  the  UNIVERSE  IRELAND  and 
the  FOTINI-L,  the  instrumentation  was  unattended.)  The  results  of  the  normality 
tests  and  the  relative  maxima,  minima  and  differences  are  not  consistent;  how- 
ever, they  tend  to  favor  a normal  distribution. 


The  full-scale  stress  records  show  maximum  diurnal  variation  of  2 to 
6 kpsl  and  there  is  strong  correlation  between  relative  SWBS  and  air-sea  tempera- 
ture differences  as  seen  in  Figure  2-9-  It  will  be  noted  that  when  the  thermal 
effects  result  in  a sagging  stress  they  will  generally  add  to  the  SWBS  which 
is  also  sagging.  In  case  of  UNIVERSE  IRELAND  and  the  FOTINI-L  the  stress  data 
were  examined  to  determine  if  the  level  of  the  mean  in  any  way  correlates  with 
the  geographical  area  or  the  ambient  temperature.  No  particular  correlation  was 
recogn  i zed . 


It  should  be  reiterated  that  both  the  UNIVERSE  IRELAND  and  the  FOTINI-L 
show  large  variation  of  the  mean  stress  and  much  of  it  can  be  attributed  to 
ballast  shifts  and  consumption  of  fuel. 
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3.  WAVE-INDUCED  BENDING  MOMENTS 
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3. 1 Introduction 

The  estimation  of  wave-induced  bending  moment  (WIBM)  is  generally  approached 
in  two  parts,  the  first  part  being  short-term  prediction  and  the  second  part  being 
the  application  of  the  short-term  prediction  results  to  make  long-term  predictions. 
The  long-term  predictions  are  required  for  the  superposition  of  loads.  The  scope 
of  each  part  can  be  summarized  as  follows: 

Short-Term  Prediction: 

t.  Derivation  of  the  Response  Amplitude  Operators  (RAO's)  for  a 
range  of  headings  and  frequencies  (from  existing  calculations 
and  model  test  data  or  new  calculations). 

M.  Compilation  of  observed  wave  data  on  the  trade  routes  for  each 
ship.  Selection  of  range  of  combinations  of  significant  wave 
heights  and  mean  periods  for  generation  of  wave  spectra  for  irregular 
short-crested  seas. 

111.  Combination  of  (i)  and  (ii)  to  obtain  short-term  response  in  irreg- 
ular short-crested  seas.  (Bending  moment  response  for  each  wave 
spectrum.) 

Long-Term  Prediction: 

i.  Calculation  of  the  probability  density  function  of  WIBM  for  range  of 
weather  conditions  (or  wave  height  groups)  using  the  short-term  pre- 
dict ions. 

ii.  Estimate  of  the  distribution  of  sea  conditions  or  the  probability 
of  occurrence  of  each  wave  height  group. 

iii.  Combination  of  (i)  and  (ii)  to  obtain  long-term  prediction  for  the 
life  time  of  ships. 

The  procedure  for  the  calculation  of  long-term  prediction  and  its  combina- 
tion with  other  loads,  particularly  dynamic  or  vibration-induced  loads  (l)  require 
validation  of  certain  key  assumptions.  The  method  of  approach  followed  by  the  in- 
vestigators for  this  validation  was  linked  closely  with  the  assessment  of  the 
dynamic  loads.  Consequently,  the  presentation  of  the  work  accomplished  in  the 
area  of  long-term  prediction  is  presented  in  the  section  on  Dynamic  Bending  Moments. 

The  task  on  short-term  WIBM  prediction  was  performed  in  parallel  to  the 
tasks  on  still-water  bending  moments  and  dynamic  bending  moments.  When,  in  due 
course,  it  was  recognized  that  the  superposition  of  loads  could  not  be  accomplished 
In  the  project  In  view  of  the  problems  encountered  in  the  other  tasks,  this  parti- 
cular task  was  terminated  essentially  after  completing  the  sub-tasks  related  to 
wave  data  and  Response  Amplitude  Operators.  Limited  effort  was  devoted  to 
obtaining  the  short-term  prediction.  The  procedure  for  the  short-term  prediction 
is  well  established  and  straight  forward.  Therefore  it  was  deemed  more  worthwhile 
to  divert  the  effort  to  other  problem  areas  particularly  since  the  results  of  the 
short-term  prediction  would  remain  unused  in  this  project. 
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The  statistics  of  the  ocean  waves  for  each  one  of  the  Individual  trade 
routes  of  the  study  ships  was  compiled  using  References  13  and  14.  The  wave  data 
are  available  in  a tabulated  form  and  it  gives  the  frequency  of  occurrence  of 
different  combinations  of  significant  wave  height  and  mean  wave  period  in 
different  parts  of  the  world. 

Hogben  and  Lumb  (13)  provide  data  for  50  areas  of  the  Atlantic  Ocean. 

They  refer  to  different  seasons  and  different  wave  directions  and  cover  wave 
periods  ranging  from  0.0  to  20.0  seconds  in  1 second  increments  and  wave  heights 
from  1.0  to  62.0  ft.  in  30  different  increments.  These  data  are  based  on  almost 
2 million  sets  of  observations  recorded  from  ships  over  a period  of  8 years.  Wave 
data  for  54  sub-zones  of  the  North  Pacific  Ocean  are  given  by  Yamanouchi  and  Ogawa 
(14).  They  also  refer  to  different  seasons  and  different  wave  directions.  They 
cover  periods  ranging  from  0.0  to  17*0  seconds  and  wave  heights  ranging  from  0.0 
to  10.0  meters,  both  in  7 increments  each. 


For  the  purpose  of  limited  short-term  WIBM  calculations,  10  mean-wave  periods 
and  corresponding  10  significant  wave  heights  were  selected  from  the  table  of 
pertinent  wave  data  to  generate  10  two-parameter  spectra  each  for  the  SL-7  and  the 
F0TINI-L.  Extremes  of  wave  period  bracketed  some  99  percent  of  the  occurrences 
for  each  of  the  10  mean-wave  periods.  The  significant  wave  height  selected  was 
the  one  which  had  the  highest  occurrence  for  the  wave  period  in  question. 

Table  B-l  thru  B-5  of  Appendix  B summarize  the  wave-data  compilation. 


3.2.2  Response  Calculations 
SL-7 

Theoretical  calculations  for  the  short-term  WIBM  of  the  SL-7  were 
available  from  References  4 and  5 and  the  experimental  values  were  available 
from  Reference  6.  The  only  pertinent  information  missing  from  these  references 
was  for  zero  speed. 

Several  accepted  computer  programs  are  available  for  WIBM  calculations. 

The  project  employed  the  program  SCORES  (15) » developed  for  the  Ship  Structure 
Committee.  Calculations  were  performed  for  the  heavy-load  condition  at  zero 
speed  and  seven  headings  with  respect  to  the  waves.  The  input  for  the  two- 
parameter  spectrum  used  in  the  SCORES  program  was  based  on  the  compiled  wave 
data.  The  results  are  shown  in  Table  B-6  and  B-7. 

A decision  has  to  be  made  as  to  which  of  the  existing  information 
on  short-term  WIBM  for  all  other  conditions  should  be  used  in  the  follow-on  calcu- 
lations for  long-term  prediction.  Theoretical  calculations  of  wave  loads  have 
been  made  by  Kaplan  et.  al  (4)  and  Kim  (5).  Experimental  wave  loads  have  been 
obtained  by  Dalzell  and  Chiocco  (6).  It  is  known  that  the  particular  version  of 
SCORES  used  by  Kaplan  gave  questionable  results  in  the  case  of  SL-7  at  high  speed, 
and  correlation  with  the  experimental  results  was  unsatisfactory.  On  the  other 
hand,  calculations  at  all  speeds  based  on  Kim's  program  showed  good  correlation  with 
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the  experimental  results.  For  this  reason,  it  seems  appropriate  to  use  Kim's 
work  for  the  short-term  prediction  for  high  speeds,  or  to  use  the  mean  between 
Kim's  results  and  the  experimental  value. 

FOTINI-L 

The  short-term  WIBH  prediction  for  the  FOTINI-L,  a medium-speed  bulk 
carrier,  was  accomplished  by  employing  the  SCORES  program  (15).  Calculations 
were  made  for  three  loading  conditions  (ballast,  full  load  with  coal,  and  full 
load  with  iron  ore),  2 speeds  and  7 headings.  The  drafts  were  selected  by 
reference  to  the  logbooks  of  the  sister  ship,  OREMAR  (ex-MARKA-L) . Speeds  were 
selected  by  reference  to  Teledyne's  logbook  information.  As  in  the  case  of 
the  SL-7,  input  for  the  wave  spectra  was  based  on  the  compiled  data.  Table  B-8 
thru  B- 1 8 summarizes  the  calculations. 

UNIVERSE  IRELAND 

All  the  necessary  response  amplitude  operators  for  the  UNIVERSE  IRELAND 
were  supplied  by  the  Webb  Institute  of  Naval  Architecture  and  they  are  reproduced 
in  Table  B-19  thru  B-26.  Additional  pertinent  information  related  to  full-scale 
stress  analysis,  long-term  prediction,  and  model  tank  experiments  are  found  in 
References  7,  9 and  10. 


I*.  DYNAMIC  BENDING  MOMENTS 
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A.  1 Introduct ion 

Reference  1 summarizes  and  extends  the  work  of  the  last  two  decades 
toward  "rational"  structural  design.  The  fundamental  attitude  in  this  work  has 
been  that  all  the  major  components  of  the  demand  on  the  structure  as  well  as 
those  of  its  capability  are  random  to  a greater  or  lesser  extent.  The  ultimate 
objective  in  rational  design  is  thus  to  be  able  to  balance  the  statistics  of 
demand  and  capability  within  the  constraint  of  an  acceptable  risk  of  structural 
failure.  Within  this  framework  the  ultimate  objective  of  work  on  the  demand  or 
load  side  of  the  problem  is  to  enable  the  synthesis  of  a "long-term"  probability 
density  function  of  demand.  (By  "long  term"  is  meant  time  spans  of  the  order 
of  ship  1 ives. ) 


As  noted  in  Section  1,  the  present  project  was  oriented  toward  "ultimate" 
longitudinal  bending  loads  as  defined  in  Ref.  1.  Among  the  five  load  components 
included  in  the  definition  there  are  two  which  involve  the  response  of  the 
structure  in  some  Sense.  These  components  are  "thermal  effects"  and  "the  dynamic 
loads  due  to  slamming,  springing  or  whipping".  In  the  case  of  thermal  effects  there 
is  no  external  mechanical  load  which  produces  stress  changes  in  the  hull  girder, 
and  this  difficulty  was  surmounted  by  defining  an  effective  bending  moment  (a 
moment  which  would  produce  the  equivalent  stress  according  to  simple  beam  theory). 

In  a similar  way  the  effects  of  slamming  or  whipping  upon  longitudinal  bending 
stress  were  converted  into  an  effective  moment.  In  this  Tatter  case  the  structural 
dynamics  of  the  ship  come  into  play  in  a major  way  so  that  the  effective  slamming 
or  whipping  moments  also  might  be  considered  a step  removed  from  actual  mechanical 
loads.  Thus  the  "ultimate  load"  definition  of  Ref.  1 may  be  alternately  and 
usefully  thought  of  as  a definition  for  the  "ultimate  stress"  response  of  the 
structure. 


It  was  pointed  out  in  Ref.  1 that  it  is  possible  that  the  relatively 
short  duration  of  stress  peaks  induced  by  slamming  or  whipping  increases  the 
effective  capability  of  the  structure  to  withstand  damage;  this  is,  that  there 
is  a possible  interaction  between  the  bending  load  as  defined  and  the  capability 
of  the  structure.  The  magnitude  of  this  interaction  is  unkown.  Thus,  as  a practi- 
cal matter,  the  stance  taken  in  Ref.  1 in  the  context  of  ultimate  loads,  was  to 
consider  an  instantaneous  peak  combined  stress  as  a meaningful  demand  on  the 
structure  regardless  of  the  frequency  of  application. 

The  time  scale  of  variations  of  three  of  the  stress  components 
noted  in  Section  1 (SWBM,  Forward  Speed,  Thermal)  is  typically  between  hours 
and  days,  that  of  the  other  two  (wave  induced  and  vibratory)  is  between  minutes 
and  seconds.  Wave "i nduced  and  vibratory  stresses  appear  in  the  short "term  as 
being  superimposed  upon  a sensibly  constant  mean  stress  which  is  thought  of  as 
being  made  up  of  the  sum  of  the  first  three  slowly  varying  components. 

Essentially,  the  present  state  of  knowledge  suggests  that  stresses  due  to  weight  and 
buoyancy  distribution,  those  due  to  thermal  loads,  the  stress  induced  by  the 
ship's  own  wave  system,  and  those  due  to  waves  and  vibrations  do  not  interact 
d I rectiy  with  one  another.  Thus  the  combined  stress  occurring  in  a relatively 
short  time  Interval  in  the  ship  life  is  considered  to  be  a simple  sum  of  five 
random  variables. 
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= combined  stress  (all  components) 
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- Z a (A.  1 ) 

1 = 1 ' 

and: 

Oj  ■ stress  due  to  SWBM 

°2  stress  due  to  steady  state  waves  generated  by  forward  speed  of  the 
vessel 

stress  due  to  thermal  effects 

a/,  stress  directly  induced  by  waves 
(quasi-static  response) 

it-  stress  induced  by  slamming,  whipping,  etc. 

(the  vibratory  response  of  the  structure  to  a variety  of  loads) 

Each  of  the  stress  components  enumerated  is  considered  to  be  a function 
of  other  random  variables  which  define  the  long-term  environment  and  operation 
of  the  ship.  Thus  the  problem  of  the  synthesis  of  the  long-term  probability 
density  of  a^,  ft(  at)  say,  centers  about  the  synthesis  of  the  joint  long-term 

density  of  the  five  stress  components  and  the  variables  of  which  they  are  functions: 

f(  <*2»  aj»  ai,»  °5*  Ai  * A2 ) 

where  Aj , A2,  etc.,  are  the  (conceptual)  random  variables  defining  the  long-term 
environment  and  operation,  and  the  marginal  joint  density  of  oj...  Or  is  found 
by  Integrating  out  the  A's. 

As  implied  by  the  above  expression,  in  at  least  a minor  way,  all  the 
components  of  stress  are  influenced  by  all  the  environmental  and  operational  para- 
meters so  that  the  ideal  problem  of  finding  the  marginal  density  of  the  a's  assumes 
a dimension  beyond  reason  for  present  state  of  the  art.  This  dimension  is  reduced 
to  a relatively  tractable  size  in  Ref.  1 by  reasonable  engineering  arguments.  The 
first  argument  is  that  the  variability  of  SWBM  is  dictated  largely  by  operational 
factors  and  human  judgement.  Apart  from  an  occasional  change  in  ballast  to  ease 
the  vessel  in  heavy  weather,  the  parameters  controlling  SWBM  of  commercial  vessels 
operate  nearly  independently  of  the  environment,  and  consequently  SWBM  is  consi- 
dered to  be  statistically  independent.  Generally  similar  arguments  were  advanced 
for  the  ship's  own  wave  and  thermal  stress  components.  The  net  effect  was  that 
the  overall  structure  of  the  problem  was  simplified  by  assuming  independence  of 
various  sets  of  variables,  with  the  result  that  the  joint  long-term  density 
becomes  a product  of  joint  densities  of  smaller  dimension,  conceptually: 

f(°l»  °2*  °3»  °A»  °5*  A),...) 

" fl(°l’V  f2(o2*A2)  f3(  °3’V 

^45 (CT4 » °5»  AA*  A5  •••) 
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In  this  form  the  marginal  densities  of  °j,  o and  o may  be  obtained  in 
separate  integrations.  The  wave-induced  (a^j  and  vibratory  stresses  (a^) 
are  conceptually  functions  of  the  same  set  of  parameters. 

The  last  of  the  four  joint  densities  is  the  subject  of  the  present 
section  of  the  report.  Both  the  fourth  and  fifth  stress  components  may 
be  considered  "dynamic",  their  characteristic  time  durations  are  of  the 
same  order,  and  It  is  natural  to  consider  them  together  to  the  extent 
which  is  possible. 

The  objective  of  the  present  task  was  to  examine  the  available 
"dynamic"  stress  data  for  the  three  study  ships  with  the  view  toward: 

1.  Gathering  information  on  the  statistics  of  a , the 
slamming,  whipping  or  springing-induced  stress. 

2.  Attempting  to  synthesize  this  information  in  a useful 
way. 

3.  Verifying,  as  feasible,  the  basic  assumptions  in  state 
of  the  art  or  proposed  prediction  methods  for  both  wave- 
induced  and  vibratory  stresses  as  applied  to  the  study  ships. 


A. 2 Wave -induced  and  Vibratory-Stress  Response:  Generalities 

Considering  the  long-term  joint  density  of  wave-induced  and  vibra- 
tory stress  separately,  some  further  reduction  can  be  effected  by  intro- 
ducing conditional  densities: 

f/j j (ojj , Oj ,A^  Aj. . . ) m P^ (. ( , cjjl A^  ,A . . . ) (A/, «A,j • . . ) (A.  3) 

where 

Pl*5^CTl»*or5!A4*A5 ) is  the  conditional  joint  density 

of  Oj  given  the  enviromental 
variables  A^ , A,.. . . 

P^(A^,Aj. . .)  is  the  joint  density  of  the  environ- 

mental variables 

A special  interpretation  of  the  above  expression  is  fundamental 
to  most  of  the  known  state-of-the-art  synthesis  methods.  The  interpre- 
tation is  that  the  conditional  Joint  density  (P, _(...))  represents  the 
short-term  joint  stress  response (g iven  particular  values  of  the  environ- 
mental variables.  A....).  Since  the  overall  objective  is  to  synthesize 
peak  stresses,  the  further  interpretation  is  made  that  P^fa^.aj-IA^.A,.. . .) 
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Is  the  short-term  conditional  density  of  the  maxima  of  the  process 

which  is  defined  by  the  variables  (A^,A . ..)  and  assumed  to  be  statis- 
tically stationary.  The  overall  physical  justification  is  again  based 
upon  time  scales.  Enviromental  and  operational  parameters  (wave  heights, 
etc.)  fluctuate  much  more  slowly  than  dynamic  stresses,  and  are  assumed 
to  be  sensibly  constant  in  the  short  term.  "Short  term"  in  this  constant 
means  times  in  the  order  of  half  an  hour. 

With  respect  to  a prediction  of  the  combined  wave-induced  and 
vibratory  stress  the  above  treatment  implies  the  following  procedure: 

Let  z ■ a ^ + 0 = the  combined  stress. 

Then : 

P 5 ( » z -of|| 1 A • •)  P^(A^...)  dg^dA^. . .dA^ 

A) 

Where  the  limits  of  the  integrals  are  Infinite.  If  a,  and  o are 
statistically  independent  for  given  choices  of  parameters,  tne  problem 
is  only  slightly  simplified  because  of  the  integrations  over  the  (assumed 
common)  enviromental  parameters. 

The  approach  to  this  problem  In  Ref.  1 appears  to  have  Involved 
rather  different  assumptions.  If  it  is  considered  that  vibratory  response 
is  filtered  out  over  the  lifetime  of  the  ship  (or  that  the  ship  is  rigid) 
the  stress  remaining  is  a^,  the  wave-induced  stress.  In  the  notation  of 
the  general  treatment  above,  the  long-term  density  of  alone  would  be: 

W “ ‘ • J" P/j  ( . . . ) (A^. . . )dA^ . . .dA^  (4.5) 

This  was  predicted  in  ref.  1.  In  a presumably  similar  fashion,  estimates 
were  made  of  the  long-term  density  of<j  The  values  of  and  a 
corresponding  to  low  probabilities  of  occurrence  (return  periods  corres- 
ponding to  ship  lives)  were  found  and  the  results  were  added  to  form  an 
estimate  of  long-term  combined  wave-induced  and  vibratory  stress.  In- 
tuitively, the  approach  seems  conservative. 

Clearly  the  reason  for  the  approach  taken  in  Ref.  1 was  that 
systematic  procedures  for  the  prediction  of  the  joint  density,  P._(o,,o  A... 

in  Eq.  4. A were  not  available  for  the  ships  studied  in  that  reference.  * 
Reliance  had  to  be  placed  upon  empirical  stress  data  for  the  vibratory 
part  of  the  problem.  Consequently,  the  assumptions  made  and  the  pro- 
cedures developed  were  a function  of  the  available  information  for  the 
particular  study  ship  of  Ref.  1.  The  present  task  involving  ships  of 
different  types  was  a direct  outgrowth. 

Thus  in  examining  the  stress  data  for  the  present  task  it  had  to 
be  borne  in  mind  that  not  only  the  marginal  statistics  of  05  was  of 
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importance;  but  also  that  the  basic  approach  to  the  combination  of  wave- 
induced  and  vibratory  stresses  of  the  present  three  ships  might  have  to 
be  quite  different. 


4.3  Full-Scale  Stress  Data  Bases 

Insofar  as  long-term  statistical  generalizations  are  concerned, 
validation  of  methods  are  dependent  upon  the  amount  of  data  available  and 
its  representativeness.  Appendix  C-1  describes  the  available  data  bases 
utilized  in  the  study.  Since  the  majority  of  available  data  dealt  with 
the  average  of  port  and  starboard  midship  deck-edge  stresses,  only  this 
measure  of  stress  response  was  considered.  This  response  may  be  thought 
of  as  the  midshipdeck  stress  response  due  only  to  body  vertical  bending 
loads.  The  data  bases  for  the  UNIVERSE  ISLAND  and  the  FOTINI-L  appear 
quite  representative  of  a realistic  long-term  situation.  The  data  from 
these  ships  Involve  a sampling  of  longitudinal  bending  stresses  in 
one-half  to  one-third  of  the  sea  watches  naturally  occurring  over  a 2 1/2 
or  three  year  period.  The  data  base  for  the  SL-7  is  biased  toward  severe 
weather  conditions  since  it  corresponds  to  a sampling  of  about  2/3  of  the 
sea  watches  occurring  in  about  270  days  of  exposure  to  winter  North 
Atlantic  weather. 

With  respect  to  an  additive  vibratory  component  of  stress  response 
(a,-)  the  extent  to  which  the  available  data  have  been  reduced  was  not 
thought  adequate  for  all  three  ships.  Accordingly,  representative  data 
sub-sets  were  chosen  for  the  FOTINI-L  and  the  SL-7.  As  described  In 
Appendix  C-1,  a digital  representation  of  the  original  stress-time  history 
for  each  sample  was  thereby  made  available  for  detailed  analyses. 


4.4  Examination  of  Maximum  Vibratory-Stress  Double-Amplitude  Data 
for  the  UNIVERSE  IRELAND 

Since  the  primary  data  reduction  methods  noted  in  Ref.  16  have  been 
carried  out  on  all  the  available  data,  it  was  reasonable  to  begin  the 
inquiry  into  vibration  response  with  the  measures  of  response  already 
aval lable. 

The  only  significant  measure  of  vibratory  response  available  was 
the  maximum  isolated  double  amplitude  of  vibration  in  each  20-minute 
record  in  the  data  base.  The  vibration  in  each  record  had  been  isolated 
by  filtering  such  that  the  wave-induced  components  were  eliminated.  The 
resulting  maximum  double  amplitude  of  vibratory  stress  (or  maximum  "burst" 
stress  as  it  is  sometimes  called)  is  thus  not  correlated  with  the  short- 
term maxima  of  the  wave-induced  stresses.  Since  it  is  just  the  maximum 
in  a short-term  sample,  it  can  have  meaning  only  in  a longer  term  sense. 

It  should  be  emphasized  that  the  maximum  double  amplitude  of  vibra- 
tory stress  is  not  the  vibratory-stress  increment  (a^)  of  Sections  4.1  and 
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4.2.  However,  intuitively,  half  the  maximum  vibratory  stress  as  developed 
could  be  numerically  equal  to  the  maximum  value  of  a in  a record.  A 
quite  possibly  conservative  upper  bound  on  combined  stress  might  be 
formed  by  summing  half  the  maximum  vibration  double  amplitude  and  the 
maximum  waverinduced  stress  (tension  or  compression)  in  a record.  Ac- 
cordingly, the  maximum  "burst"  data,  though  not  exactly  in  the  form 
desired,  was  of  considerable  pertinence. 

The  details  of  the  examination  of  the  maximum  vibration  double- 
amplitude data  for  the  UNIVERSE  IRELAND  (and  an  initial  examination  for 
the  other  two  ships)  are  contained  in  Appendix  C-2,  where  correlations 
of  this  data  with  Beaufort  wind  strength,  ship  speed  and  ship-wave  heading 
are  described. 

The  fundamental  result  for  the  UNIVERSE  IRELAND  was  the  absence  of 
any  firm  trends.  The  reason  was  that  maximum  vibration  double  amplitudes 
were  reported  as  zero  if  they  were  below  1 kpsi;  coupled  with  the  fact 
that  in  the  vast  majority  of  records  the  vibration  double  amplitudes 
were  below  this  threshhold.  It  is  difficult  to  do  much  with  zeros. 

However,  it  was  noted  that  all  of  the  1900  maximum  vibration  doubl 
amplitudes  in  the  data  base  except  for  4 were  below  3.4  kpsi,  that  none 
of  those  four  were  associated  with  exceptionally  severe  weather  for  such 
a large  ship  and  that  all  four  were  above  6.5  kpsi.  Owing  to  the  nature 
of  the  statistic,  the  data-reduct ion  method  and  the  suspicious  gap  in 
observed  magnitudes  (between  3,4  and  6.5  kpsi)  it  appeared  permissible 
to  assume  that  the  isolated  highest  points  were  spurious.  On  this  basis 
it  appeared  reasonable  to  take  the  position  that  the  effect  of  vibratory 
response  from  all  causes  in  the  UNIVERSE  IRELAND  could  conservatively 
be  taken  care  of  by  assuming  an  increment  to  wave- induced  tension  or 
compression  of  1.0  or  1.5  kpsi  for  all  conditions. 

The  absolute  magnitude  of  the  maximum  vibration  appeared  to  be  so 
small  in  relation  to  the  potential  wave-induced  and  SWBM  contributions, 
that  there  seemed  little  point  in  delving  deeper  into  the  UNIVERSE  IRELAND 
data  and  this  was  not  attempted. 

4.5  Analyses  of  Maximum  V i bratory— Stress  Double-Amplitudes  for  the 
FOTINI-L  and  the  SL-7 

4.5.1  T rends 

An  initial  examination  of  the  available  data  on  maximum  vibratory- 
stress  double-amplitudes  for  the  FOTINI-L  and  the  SL-7  was  carried  out 
as  for  the  UNIVERSE  IRELAND  and  is  described  in  Appendix  C-2.  As  in  the 
case  of  the  UNIVERSE  IRELAND  there  were  also  thresholds  involved  in  the 
original  reduction  of  this  data,  but  the  magnitudes  of  vibration  were 
generally  higher  and  some  general  trends  could  be  seen. 
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The  data  for  both  the  FOTINI-L  and  the  SL-7  indicated  mild  upward 
trends  of  vibration  with  Beaufort  number  (and  by  implication,  with  wave 
severity)  and  as  heading  varies  from  following  to  head  seas. 

Both  data  bases  Involve  a relatively  low  incidence  of  reduced  speed.  The 
consequence  was  that  maximum  vibration  double  amplitudes  appeared  independent 
of  speed  on  the  average. 

As  far  as  magnitudes  of  maximum  vibration  double  amplitudes  were 
concerned,  there  were  a quite  significant  number  of  double  amplitudes  be- 
tween 3 and  10  kpsi  in  the  SL-7  data,  and  a few  ranging  up  to  15  kpsi. 

The  FOTINI-L  data  showed  many  points  between  3 and  8 kpsi  and  some  isolated 
points  ranging  up  to  11  kpsi. 

The  presence  of  trends  with  operational  parameters  and  the  relatively 
high  magnitudes  of  stress  variation  indicated  that  more  detailed  studies 
of  the  vibratory  response  of  both  the  FOTINI-L  and  the  SL-7  were  in  order. 

In  order  to  accomplish  this  more  detailed  examination,  representative 
data  subsets  were  selected  from  the  available  data  bases  (details  of  the 
selection  are  to  be  found  in  Appendix  C-l ) . What  was  intended  was  to 
re-analyze  the  original  stress  records  in  various  ways  alternate  to  those 
which  had  been  previously  employed. 

There  are  two  worthwhile  routine  operations  which  are  common  to 
any  analysis  of  random  time  histories.  The  first  is  a qualitative  visual 
inspection  of  the  original  time  histories,  and  the  second  is  to  estimate 
and  analyze  the  scalar  spectrum  of  each  record.  In  the  present  case, 
digital  methods  of  separating  wave-induced  from  vibratory  stresses 
similar  to  the  analog  methods  of  Ref.  16  also  had  to  be  devised.  The 
detail  of  those  operations  and  some  results  are  summarized  in  Appendix 

C-3. 

The  result  of  most  interest  from  the  analysis  of  the  scalar  spectra 
was  the  difference  between  the  FOTINI-L  and  the  SL-7  stress  spectra  with 
respect  to  the  relative  contributions  of  vibratory  and  wave-induced  stresses 
to  the  whole.  In  the  SL-7  case  the  spectral  peak  corresponding  to  vibra- 
tion was  rarely  more  than  10%  of  the  peak  in  the  wave-induced  frequency 
range.  Vibration  contribution  to  the  spectra  was  not  prominent  (in  fact 
barely  visible)  in  cases  where  overall  stress  response  was  large.  In 
contrast,  the  spectral  peak  due  to  vibration  was  much  more  prominent  in 
the  FONTINI-L  spectra,  and  in  fact,  upon  occasion,  was  larger  than  the 
peak  in  the  wave -induced  frequency  range.  Given  the  small  differences 
between  the  magnitudes  of  maximum  vibration  for  the  two  ships,  and  the 
not  enormously  larger  wave -induced  stresses  for  the  SL-7,  this  qualitative 
difference  was  initially  surprising. 

Detailed  examination  of  short  samples  of  the  original  stress  time 
histories  showed  that  the  completely  automatic  determination  of  maximum  vibra- 
tion double  amplitudes  (Ref. 16)  did  not  always  produce  a reliable  statistic.  Upon 
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occasion,  sudden  puises  without  subsequent  vibratory  decay  were  observed. 
These  could  not  be  accepted  as  representing  something  which  actually 
happened  aboard  ship. 

The  incidence  of  those  stray  phenomena  in  the  SL-7  data  sub-set  was 
relatively  low  — only  six  out  of  198  records  were  rejected  on  this  basis. 

A much  higher  incidence  of  oddities  was  observed  on  the  FOTINI-L 
data  sub-set.  In  the  end,  78  out  of  168  records  were  rejected.  In  addi- 
tion to  the  stray-pulse  problem,  occasional  evidence  of  saturation  of  the 
initial  magnetic-tape  record  was  found.  (This  was  due  to  large  changes  in 
SWBM) . 


Examination  of  the  remaining  records  indicated  that  the  superimposed 
vibration  was  consistently  qualitatively  different  for  the  two  ships.  For 
the  FOTINI-L  the  vibration  had  the  appearance  of  springing  when  the  vibra- 
tion was  appreciable.  On  the  other  hand,  when  the  vibratory  response  of  the 
SL-7  is  large,  it  appears  to  be  impact  induced.  Judging  by  the  timing  of  the 
initiation  of  vibration  relative  to  the  wave-induced  stress,  both  forward- 
bottom  slamming  and  the  flare-shock  phenomenon  originally  associated  with 
aircraft  carriers  (Ref.  17)  appear  to  be  present.  Qual itatively,  the  vibratory 
response  of  neither  ship  appears  exactly  similar  to  that  of  the  study  ship  of 
Ref.  1. 


Because  the  data  sub-set  for  the  FOTINI-L  had  been  selected  in  part  so 
that  it  contained  most  of  the  unusually  high  vibratory  response  (Appendix  C-j ) , 
it  was  of  interest  to  re-examine  the  trends  initally  found  in  Beaufort  number/ 
speed/heading  classifications  of  the  data  after  discarding  points  strongly 
suspected  to  be  spurious.  Details  of  this  re-examination  and  revision  of  the 
data  base  are  indicated  in  Appendix  C-6.  The  significant  result  of  this  re- 
examination was  that  the  majority  of  the  original  exceptionally  high  maximum 
double  amplitudes  of  vibration  were  thrown  out.  In  the  revised  FOTINI-L  data 
base  there  are  just  19  instances  where  the  maximum  double  amplitude  of  vibration 
fell  between  3 and  8 kpsi  and  only  one  in  excess  of  8 kpsi.  Effectively,  98.6% 
of  the  FO  T)N I -L  maximum  vibration  double  amplitudes  are  below  3 kpsi. 

A further  examination  of  the  1.4%  of  data  above  3 kpsi  disclosed  that  at 
least  two  of  the  20  high  values  were  of  suspicious  origin  though  this  could  not 
be  confirmed.  It  appears  that  98%  of  the  data  base  for  the  FOTINI-L  implies  an 
allowance  for  vibratory  addition  to  wave -induced  stress  not  appreciably  higher 
than  that  previously  suggested  for  the  UNIVERSE  IRELAND.  However,  the  revised 
data  base  also  suggests  that  real  maximum  vibration  double  amplitudes  above 
about  3 kpsi  are  nearly  always  associated  with  Beaufort  wind  strengths  above  6. 

A comparable  re-examlnat ion  was  carried  out  on  the  SL-7  data  base.  In 
this  case  the  3 kpsi  level  of  double  amplitudes  is  exceeded  in  12%  of  the  records. 
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Though  the  result  must  be  partly  due  to  the  bias  in  the  SL-7  data  base  toward 
severe  conditions,  vibration  double  amplitudes  above  3 kpsi  appear  to  be  8 or 
10  times  more  likely  in  the  SL-7  than  the  FOTINI-L. 


4.5.2  Fitted  Distributions 


As  has  been  pointed  out,  the  statistics  of  the  isolated  vibratory  stress 
are  not  exactly  what  is  wanted  in  the  development  noted  in  Sections  4.1  and  4.2. 
However,  they  are  of  pertinence  (especially  if  no  clear  results  can  be  obtained 
for  what  is  really  wanted).  Thus  it  was  of  interest  to  see  if  the  maximum  vi- 
bration double  amplitudes  could  be  fitted  by  some  convenient  semi-analytical 
("long-term")  distribution  function. 

It  is  reasonable  in  such  an  effort  to  begin  with  an  examination  of  the 
short-term  statistics  of  the  process  from  which  the  sample  maximum  is  found, 
since  the  general  form  of  the  long-term  distribution  is  influenced  by  the  short- 
term  distribution,  and  because  there  is  the  possibility  of  developing  a synthesis 
method  similar  to  that  implied  in  Secion  4.2.  A brief  investigation  was  under- 
taken of  the  short-term  vibratory  response  in  the  data  sub-sets  for  both  the 
FOTINI-L  and  SL-7.  The  details  are  indicated  in  Appendix  C-6. 

The  spectral  analyses  had  indicated  the  isolated  vibratory  responses  to 
be  quite  narrow  banded.  In  addition,  it  was  possible  to  count  the  number  of 
vibration  double  amplitudes  in  each  record  of  the  data  subsets.  In  each  case 
the  number  of  vibrations  was  nearly  equal  to  the  number  which  would  be  expected 
if  the  ships  were  always  In  continuous  vibration  at  the  frequency  of  the  longitu- 
dinal two-noded  mode. 

Those  facts  suggested  that  the  short-term  distribution  of  vibratory  maxima 
might  be  the  Rayleigh.  Under  this  hypothesis  a simple  statistical  hypothesis 
test  was  devised  to  see  if  the  maximum  vibratory  amplitude  in  each  record  was 
generally  what  would  be  expected  if  the  parameter  of  the  Rayleigh  distribution 
(RMS  vibratory  response)  was  known.  If  the  assumption  was  generally  true  it  was 
expected  that  the  test  would  be  failed  in  about  10%  of  the  records  of  each  data 
sub-set.  The  rate  of  failure  for  the  SL-7  was  64%,  that  for  the  FOTINI-L  37%. 

The  detail  of  each  test  disclosed  that  when  the  tests  were  failed  the  problem  was 
that  the  maximum  vibration  double  amplitude  was  always  higher  relative  to  the  RMS 
vibration  than  expected. 

The  same  test  procedures  were  applied  under  the  hypothesis  that  the  short- 
term distribution  of  vibration  double  amplitudes  was  exponential.  In  this  case, 
when  a test  failure  occurred  it  always  implied  that  the  maximum  vibration  was 
lower  than  expected  relative  to  the  RMS.  The  results  indicated  that  the  short- 
term distribution  of  vibratory  maxima  was  somewhat  closer  to  exponential  than  to 
Rayleigh  since  the  failure  rate  for  the  SL-7  was  15%  and  that  for  the  FOTINI-L 
was  27%. 
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The  results  also  implied  that  construction  of  long-term  trends  of 
maximum  vibration  from  shorfterm  estimates  of  RMS  may  not  be  wholly  within 
current  state  of  the  art.  In  the  case  of  suspected  springing  response  of 
the  FOTINI-L,  current  state  of  the  art  implies  a zero  mean  Gaussian  vibratory 
response,  and  consequently  a Rayleigh  distribution  of  maxima.  For  the  suspected 
flare  shock  and  slamming  response  of  the  SL-7  it  is  not  clear  what  distribution 
current  state  of  the  art  implies.  In  either  case,  it  was  suspected  that  vibrations 
due  to  propeller  excitation  were  confusing  the  situation. 

With  respect  to  the  problem  of  fitting  some  distribution  to  the  long-term 
statistics  of  maximum  vibratory  double  amplitudes,  the  unconvincing  results  for 
the  short-term  situation  suggested  that  the  next  best  assumption  might  be  one  of 
the  asymptotic  extreme- val ue  distributions.  For  reasons  detailed  in  Appendix  C-6, 
a variation  of  the  third  asymptotic  form  as  used  in  Ref.  18  (the  Weibull  distribution) 
was  assumed  to  be  appropriate. 

Fits  to  the  Weibull  distribution  were  made  of  all  the  maximum  vibration 
double-amplitude  data  in  both  the  SL-7  and  FOTINI-L  data  bases.  From  the 
graphical  point  of  view,  both  fits  appeared  reasonable,  the  SL-7  fit  appearing 
better  than  that  for  the  FOTINI-L.  Chi-square  tests  for  good ness- of-f it  were 
applied  to  both  sets  of  data.  The  results  of  these  tests  indicated  that  the 
FOTINI-L  data  fit  very  well  indeed,  the  SL-7  data  not  so  well.  For  reasons 
explained  in  Appendix  C-6  the  test  procedure  for  the  SL-7  were  probably  biased 
toward  a failure  of  the  test.  The  net  result  was  that  it  appears  reasonable  to 
accept  the  Weibull  distribution  as  a reasonable  long-term  representation  of  the 
empirical  data  for  both  ships,  and  the  derived  parameters  of  the  distribution  for 
each  ship  are  given  in  Appendix  C-6. 

It  was  of  interest  to  see  if  reasonable  fits  to  the  Weibull  distribution 
could  be  made  for  various  sub-groupings  of  the  data  base;  that  is  for  the  various 
headings,  speeds,  Beaufort  number,  etc.  The  reason  for  this  interest  was  the  hope 
that  some  leads  on  an  alternate  synthesis  method  might  emerge.  Efforts  made  in  this 
direction  are  detailed  in  Appendix  C. 


The  effort  in  thi 
can  only  be  described  as 
has  to  do  with  the  1 kps 
16.  Of  the  H55  seconds 
having  maximum  vibration 
vibration  is  reported  as 
of  producing  sub-groups 
11*0  non-zero  points  are 
be  made. 


s direction  made  with  the  FOTINI-L  maximum  "burst"  data 
having  resulted  in  no  credible  answers.  The  b*sic  problem 
i analysis  threshold  of  the  original  data  reduction,  Ref. 
in  the  revised  FOTIN I -L  data  base  there  are  only  ll*0  records 
double  amplitudes  above  the  threshold.  Thus  the  maximum 
zero  (less  than  1 kpsi)  30%  of  the  time.  In  the  process 
of  data  for  given  combination  of  Beaufort  number,  etc.,  the 
split  so  many  ways  that  practically  no  credible  fits  could 


A similar,  though  not  so  severe  condition  influenced  the  efforts  with 
the  SL-7  maximum  burst  data.  Despite  a revision  of  the  grouping  rules,  no 
credible  fits  could  be  obtained  for  a three-way  (Beaufort  number,  speed  and 
heading)  classification  of  data.  However,  some  reasonable  fits  were  obtained  for 


two  two-way  classifications  (wave  height-heading)  and (spee d-head ing) . 
Numerical  results  for  the  Weibull  parameters  are  cited  in  Appendix  C-6. 
Reasonably  sensible  variations  of  the  Weinbull  parameters  were  obtained 
for  variations  in  ship  speed,  heading  and  wave  height. 

4.6  Analyses  of  the  Statistics  of  Short-Term  Wave-lnductid  Stresses 
For  the  FQTINI-L  and  the  SL-7 


It  was  one  of  the  general  objectives  of  the  present,  task  to  develop 
the  statistics  of  the  amount  by  which  the  combined  stress  exceeds  the 
wave-induced  stress.  (In  the  notation  of  Section  4.2  this  iso  5.)  Since 
this  quantity  is  not  necessarily  half  of  the  maximum  vibration  double 
amplitude  treated  in  Sections  4.4  and  4.5,  it  was  necessary  to  make  a 
direct  approach  to  the  problem  utilizing  the  original  stress  records 
contained  in  the  data  sub-sets  described  in  Appendices  C-l  and  C-3. 

The  original  stress  records  are  combined  stresses  so  that  in  order 
to  extract  information  about  an  addition  to  wave  "induced  stresses,  it  is 
necessary  that  the  wave-induced  stresses  be  first  derived,  and  their 
statistics  understood. 

Within  the  current  state  of  understanding,  the  wave-induced  stresses 
are  zero  mean  and  are  superimposed  in  the  short  term  on  a constant-stress 
bias  due  to  slowly  varying  loads.  Thus,  insofar  as  data  reduction  is  con- 
cerned, the  position  of  zero  wave-induced  stress  is  taken  to  be  the  record 
mean.  For  both  practical  and  conceptual  purposes  the  wave-induced  and 
vibratory  stresses  are  separated  by  a filtering  operation  which  removes 
frequency  components  due  to  ship  vibration.  Methods  employed  in  the  present 
study  are  discussed  in  Appendix  C-3. 

It  is  worthwhile  to  review  some  of  the  additional  assumptions  made  in 
state-of-art  long-term  prediction  methods  for  wave -induced  stresses.  The 
general  guide-lines  for  developing  these  methods  vie  re  that  it  be  possible 
to  synthesize  a long-term  distribution  for  a specific  ship  in  a specific 
trade  route.  The  fundamental  assumption  is  that  the  wave-induced  stresses  afe 
a linear  function  of  suitably  defined  wave  elevations  and  that  the  stress 
spectrum  may  be  estimated  from  hydromechanic  theory  or  model  tests,  given' 
the  input  wave  spectrum.  A consequence  of  this  assumption  is  that  the 
wave-induced  stress  process  must  be  a zero  mean  random  Gaussian  process. 

A further  consequence  is  that  the  process  must  be  statistically  symmetrical; 
for  instance,  the  short-term  statistics  of  stress  maxima  In  the  tensile 
direction  (hogging  in  the  present  case)  are  assumed  to  be  the  same  as  those 
in  the  compressive  direction.  Finally,  under  the  above  conditions  the 
theoretical  probability  density  function  of  the  maxima  of  the  process  Is 
known.  (The  derivation  Is  variously  ascribed  to  Rice  or  Cartwright  and 
Longuet  - Higgins,  see  Ref.  35;  it  is  referred  to  herein  as  the  CLH  Distri- 
bution because  the  Cartwr ight/Longuet-Hlgglns  notation  has  been  utilized). 

In  the  prediction  methods  of  Ref  1 (as  well  as  in  a somewhat  different 
approach,  Ref  18)  an  additional  assumption  is  made.  This  is  that  in  the 
short-term  the  wave-induced  stress  process  is  always  sufficiently  narrow 
banded  so  that  the  theoretical  distribution  of  maxima  may  always  be  represented 
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by  the  Rayleigh  distribution.  This  was  an  approximation  substantiated  em- 
pirically, principally  from  data  acquired  on  ships  similar  to  the  study  ships 
of  Ref.  1.  The  Rayleigh  distribution  has  one  parameter,  which  is  taken  equal 
to  the  predicted  standard  deviation  (square  root  of  the  predicted  stress 
spectrum)  times  a constant  which  depends  upon  the  conventions  employed  with 
respect  to  normal ization  of  spectral  areas  and  the  definition  of  the  analyti- 
cal expression  for  the  Rayleigh  distribution.  For  present  purposes  the 
Rayleigh  parameter  will  be  denoted  R and  taken  equal  to  the  process  RMS. 

"R"  is  a function  of  a host  of  random  operational  variables  (wave  properties, 
spectral  shape,  ship  sp.sed,  heading,  etc.).  Under  the  Rayleigh  assumption 
the  long-term  density  o1:  wave-induced  stress,  Eq.  4.5,  may  be  written: 

Pw  (<V  ■/  ' * / pe(R|Al,»  A5  •••>  Pa(/V  V dRdA/, 

(4.6) 


where  pft(R  A^,  A,.)  is  the  conditional  density 

of  R given  the  environmental 
variables  . . . . 

If  the  long-term  probability,  Q( o ),  of Qj,  exceed ing  some 
value  X is  desired: 


Q(a 


4>x)  " / Pw(o4)  da4 


• • y*  E*  P ("  * / 2R2  ) Pg  (R  | A^ ) Pg  (A^. . . ) dRdA 

(4.7) 


after  substitution  of  the  analytical  form  of  the  Rayleigh  density  function 
for  p^(°l*  ).  Eq.  4.7  is  the  fundamental  long-term  prediction  equation 
utilized  in  the  methods  of  Ref.  1 as  well  as  Ref.  18;  the  difference  in 
methods  being  the  procedure  and  order  of  the  integration  over  the  range  of 
environmental  variables,  and  th«s  form  of  the  resulting  density  of  R.  Because 
the  limits  of  the  R integration  are  infinite  (or  at  least  very  large)  there 
are  always  contributions  for  large  values  of  X from  moderate  and  low  values 
of  R.  Thus  the  answer  obtained  depends  in  part  upon  the  validity  of  the 
"tail"  of  the  Rayleigh  distribution. 

There  are  thus  two  consequences  of  the  basic  short-term  assumptions 
which  are  of  fundamental  importance  to  the  validity  of  state-of-art  predic- 
tion procedures  and  which  could  be  checked  against  the  data  in  the  data 
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sub-sets  for  both  the  FOTINI-L  and  the  SL-7.  These  are  that  in  the  short-term: 

1)  The  wave -induced  stresses  are  always  statistically  symmetrical. 

2)  The  distribution  of  the  stress  maxima  is  always  Rayleigh. 

Appendix  C-4  describes  the  work  accomplished  in  this  direction  and  Appendix 
C-5  summarizes  some  of  the  statistical  techniques  employed. 

The  first  test  of  symmetry  discussed  in  Appendix  C-4  involved  a graph- 
ical comparison  of  the  maximum  tensile  wave-induced  stress  in  each  record  with 
the  maximum  compressive  stress.  The  maximum  instantaneous  stresses  in  a 20- 
minute  record  are  not  particularly  stable  statistics  so  that  there  was  much 
scatter.  The  maximum  tensile  (hogging)  stress  in  a record  may  be  larger  or 
smaller  than  the  maximum  compressive  (sagging)  stress.  However,  viewing  the 
data  sub-sets  as  a whole  it  appears  that  the  maximum  wave-induced  tensile  and 
compressive  stresses  for  the  FOTINI-L  are  on  average  nearly  the  same;  statis- 
tical symmetry  appears  to  be  a good  assumption.  The  assumption  for  the  SL-7 
appeared  not  nearly  so  good;  on  average  the  ratio  of  sagging  to  hogging 
stresses  appeared  to  be  in  the  vicinity  of  1.2. 

As  may  be  noted  from  the  material  presented  in  Appendix  C-3,  real 
wave-induced  stress-time  histories  do  not  always  appear  to  be  narrow  banded. 

The  Rayleigh  assumption  colors  much  of  what  is  done  to  cope  with  this  situa- 
tion in  the  data-reduct ion  methods  of  Ref  16.  For  present  purposes,  many  of  the 
same  procedures  were  followed.  Using  the  sample  mean  as  a reference,  a 
"main  extreme"  in  tension  was  defined  as  the  largest  tensile  stress  observed 
during  a stress  excursion  in  the  tensile  direction,  and  a main  extreme  in  com- 
pression as  the  largest  compressive  stress  observed  in  a stress  excursion  in 
the  compressive  direction.*  The  algebraic  sum  of  main  extremes  found  in  adja- 
cent tensile  and  compressive  stress  excursions  is  defined  to  be  a "double 
amplitude".  These  definitions  are  exactly  compatible  with  very  narrow-band 
processes  and  produce,  it  is  thought,  a series  of  maxima,  minima  and  double 
amplitudes  from  an  approximately  equivalent  narrow-band  process.  These  con- 
ventions were  followed  in  developing,  for  each  record  in  both  data  sub-sets, 
arrays  of  succeeding  maxima,  minima  and  double  amplitudes  which  were  consid- 
ered to  be  samples  from  the  underlying  process. 

From  samples  of  the  maxima  and  minima  of  a Rayleigh  process  it  is 
possible  to  make  two  estimates  of  the  Rayleigh  parameter,  one  estimate  from 
the  maxima  and  one  from  the  minima.  These  estimates  were  compared  graph- 
ically for  a further  check  on  statistical  symmetry.  This  effort  confirmed 
the  close  symmetry  previously  indicated  for  the  FOTINI-L  and  implied  for  the 
SL-7  that  the  symmetry  assumption  is  considerably  better  than  was  implied 
previously;  apparently  very  much  within  engineering  reason  for  the  average 
magnitudes  of  stress,  if  not  the  extremes. 

The  several  statistical  tests  performed  on  the  adequacy  of  fit  to  the 
Rayleigh  distribution  of  the  samples  of  double  amplitudes,  and  main  extremes, 
are  summarized  in  Appendix  C-4. 
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With  respect  to  the  Rayleigh  assumption  for  double  amplitudes  the  tests 
performed  on  both  data  sub-sets  for  goodness-of-f it  were  failed  at  a rate  5 to 
7 times  the  rate  expected  due  to  statistical  variability.  Essentially  this 
result  implied  that  blanket  acceptance  of  the  Rayleigh  assumption  for  double 
amplitudes  may  result  in  incorrect  conclusions  between  20  and  35%  of  the  time. 
The  correctness  of  the  assumption  for  double  amplitudes  has  no  direct  bearing 
upon  the  prediction  methods  outlined  since  the  real  interest  is  in  main  excur- 
sions. However,  it  has  a significant  indirect  bearing  in  that  all  or  most 
existing  methods  have  been  verified  against  double-ampl i tude  data. 

The  statistical  tests  on  the  fit  to  the  Rayleigh  distribution  of  the 
short-term  wave-induced  main  extremes  in  the  SL-7  data  sub-set  produced  over- 
all failure  rates  7 or  8 times  that  expected  on  the  basis  of  statistical 
variability.  The  samples  of  main  extremes  in  tension  or  compression  are  badly 
fitted  by  the  Rayleigh  distribution  35%  to  A0%  of  the  time.  On  the  basis  of 
these  results  it  is  difficult  to  accept  the  proposition  that  the  short-term 
wave-induced  stress  maxima  of  the  SL-7  always  follow  the  Rayleigh  distribution. 

Similar  tests  on  the  fit  of  short-term  wave-induced  main  extremes  in 
the  FOTINI-L  data  sub-set  to  the  Rayleigh  distribution  produced  failure  rates 
3 to  times  that  expected;  that  is,  higher  than  would  be  desirable  for  an 
unconditional  acceptance  of  the  Rayleigh  assumption  but  much  lower  than  those 
for  the  SL-7. 

By  a subjective  classification  of  the  width  of  each  of  the  FOTINI-L 
stress  spectra  it  was  possible  to  correlate  the  test  failures  with  the 
spectral  width.  Failure  rates  for  very  narrow  spectra  were  near  enough  to  that 
expected  so  that  the  Rayleigh  assumption  could  reasonably  be  accepted.  The 
high  overall  rate  was  explained  by  higher  rates  of  failure  for  broader 
spectra . 


Exactly  similar  correlations  were  not  made  for  the  SL-7  results,  but 
those  that  were  implied  that  the  problem  there  was  with  a high  incidence  of 
broad-band  stress  spectra. 

It  was  apparent  from  the  details  of  the  SL-7  data  sub-set  that  the 
ship  slows  to  less  than  15  knots  speed  only  during  extraordinarily  severe 
wave  conditions,  and  under  these  circumstances  the  ship  heading  is  generally 
bow  or  head  seas.  Eleven  such  cases  exist  in  the  data  sub-set.  Examination 
of  the  tests  of  the  Rayleigh  assumption  for  these  cases  indicated  that  had 
the  11  low-speed  cases  been  the  only  ones  available  there  would  have  been 
little  hesitation  in  accepting  the  Rayleigh  assumption. 

Since  the  results  for  the  SL-7  at  least  had  potentially  serious  im- 
plications with  respect  to  the  long-term  prediction  methods,  and  indirectly 
upon  the  validity  of  the  basic  short-term  prediction  procedure,  it  was  of 
interest  to  see  if  the  maxima  and  minima  would,  in  general,  fit  the  more 
complicated  theoretical  distribution  cited  earlier.  In  order  to  carry  out 
these  tests,  al 1 the  maxima  and  minima  in  each  record  in  the  SL-7  data  sub- 
set (not  just  main  extremes)  had  to  be  found. 
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The  testing  procedures  utilized  in  this  effort  were  essentially  similar 
to  those  on  the  main  extremes.  The  overall  failure  rates  of  these  tests  were 
very  much  in  line  to  the  rate-of-fai lure  expected.  Thus  the  short-term  statis- 
tics of  the  SL-7  stress  records  appear  in  general  to  be  consistent  with  those 
expected  under  the  linear  random  prediction  theory  for  systems  of  arbitrary 
band  width;  that  is,  consistent  with  the  two-parameter  CLH  distribution. 

As  in  the  earlier  tests  the  procedure  produced  two  sets  of  estimates 
of  the  distribution  parameters,  one  from  the  samples  of  maxima,  one  from  the 
minima.  This  afforded  an  opportunity  for  a third  symmetry  check.  The  first 
parameter  of  the  distribution  is  the  process  RMS.  Graphical  comparisons  of  the 
values  estimated  from  maxima  with  those  from  minima  again  indicated  quite 
reasonable  symmetry.  The  second  parameter  of  the  distribution  is  a non-dimen- 
sional broadness  parameter  which  varies  between  zero  and  one.  Graphical  com- 
parisons indicated  quite  good  statistical  symmetry  for  values  of  the  parameter 
above  0.7,  less  good  symmetry  below.  The  sense  of  the  result  is  that  for  the 
lower  values  of  broadness  parameter  there  tends  to  be  more  secondary  oscilla- 
tions in  hogging-stress  excursions  than  in  sagging-stress  excursions. 

The  majority  of  the  problems  with  the  Rayleigh  assumption  for  the  SL-7 
data  are  explained  by  the  incidence  of  the  various  values  of  broadness  para- 
meter. About  half  the  time  the  derived  broadness  parameters  were  between  0.8 
and  1.0;  that  is,  the  distribution  of  maxima  or  minima  in  the  records  is 
nearly  normal.  There  is  very  little  incidence  of  broadness  parameter  between 
0.0  and  0.2;  that  is,  very  little  incidence  of  nearly  Rayleigh  response  in 
the  data  set. 

It  seems  probable  that  the  short-term  statistical  symmetry  and  the 
narrow>bandedness  assumptions  are  within  reason  if  not  always  true  for  rela- 
tively slow-speed  ships.  For  a ship  of  the  size  and  speed  of  the  SL-7,  which 
spends  about  half  its  sea  time  in  quartering  and  following  waves,  it  is  diffi- 
cult to  accept  the  narrow-bandedness  assumption,  though  it  is  probably  within 
reason  to  accept  symmetry. 

Incorporation  of  the  distribution  for  arbitrary  band  width  (truncated 
so  as  to  represent  only  positive  maxima)  into  the  expression  for  the  long- 
term probability  density,  Eq  4.6  would  be  possible  at  the  expense  of  an 
additional  integration  over  the  broadness  parameter  and  the  development  of  the 
joint  distribution  of  the  two  distribution  parameters. 

However,  it  seems  clear  that  the  neglect  of  broad-band  response,  as 
would  be  the  case  when  existing  methods  are  used  for  the  SL-7,  will  be  on  the 
conservative  side.  To  illustrate,  the  upper  tail  of  the  CLH  distribution, 
truncated  to  represent  the  positive  values  of  the  variate  of  interest,  is 
smaller  than  the  upper  tail  of  the  Rayleigh  distribution  regardless  of  broad- 
ness parameter  (Ref  20).  The  effect  would  be  that  the  probability  of  exceed- 
ing a given  stress  level  will  be  higher  under  the  Rayleigh  assumption. 

Regardless  of  the  method  utilized,  it  would  appear  that  some  care  may 
be  needed  in  interpreting  the  double-amplitude  data  in  the  data  bases  for 
purposes  of  validating  prediction  methods. 


Returning  to  the  question  of  the  amounts  (o'  ) by  which  the  combined 
dynamic  stress  exceeds  the  wave-induced  stress,  the^details  of  the  definition 
of  this  quantity  in  the  short  term,  as  well  as  of  the  investigations  carried 
out,  are  noted  in  Appendix  C-7.  Briefly,  a main  combined  stress  extreme  was 
defined  as  the  maximum  combined  stress  observed  in  a wave-induced  stress  ex- 
cursion. The  quantity  o'-  is  defined  as  the  difference  between  this  combined 
main  extreme  and  the  wavi-induced  main  extreme  noted  in  the  last  section. 

This  definition  is  exactly  the  same  as  that  adopted  in  Ref.  1.  The  intended 
approach  of  the  present  work  differed  from  that  in  Ref.  1 in  that  whereas 
1 00  or  so  selected  impact  events  were  selected  for  analysis  in  the  background 
work  to  that  reference,  it  was  the  intent  of  the  present  work  to  look  at  all 
available  events  (stress  excursions)  in  each  record,  and  to  repeat  this  for 
all  the  records  available  in  the  FOTINI-L  and  SL-7  data  sub-sets. 

Having  developed  the  increment  data  (o'-)  for  both  tension  and  com- 
pression it  was  of  interest  to  see  if  increments  to  tension  and  compression  were 
symmetrical.  This  was  carried  out  graphically  for  both  the  maximum  increments 
in  each  record  and  the  mean  of  the  increments.  The  increments  to  wave- induced 
stresses  for  both  ships  appeared  to  be  quite  symmetrical  statistically.  In 
any  given  record  there  appears  about  an  even  chance  that  the  maximum  increment 
to  wave -induced  tension  will  be  larger  than  the  maximum  increment  to  compression. 
This  result,  for  both  the  FOTINI-L  and  the  SL-7  is  different  from  the  result 
for  the  study  ship  of  Ref  1 where  assymetry  was  found;  but  in  accordance  with 
the  qualitative  nature  of  the  vibration  noted  in  Section  and  Appendix  C-3. 


Following  the  genera!  line  of  development  of  Ref  1,  the  next  investiga- 
tion involved  the  marginal  distribution  in  the  short  term  of  the  vibration-in- 
duced increments  to  wave-induced  stresses.  The  implication  in  Ref  1 was  that 
these  increments  might  be  distributed  according  to  the  Rayleigh  or  exponential 
distributions  depending  upon  the  nature  of  the  response  (slamming  or  whipping). 
Tests  for  goodness-of-f i t of  the  short-term  samples  of  increments  to  the 
exponential  distribution  were  made  for  each  record  of  each  data  sub-set.  The 
hypothesis  that  the  increments  fit  the  exponential  distribution  was  rejected 
in  about  90%  of  each  data  set,  a rate  of  rejection  about  18  times  that  expected 
due  to  statistical  variability.  Similar  tests  were  made  for  fit  of  the  short- 
term samples  of  increments  to  the  Rayleigh  distribution.  In  this  case  the 
failure  rates  for  both  ships  were  8 to  10  times  that  expected.  Essentially,  a 
reasonable  fit  to  the  Rayleigh  distribution  is  not  present  40%  or  50%  of  the 
time.  It  appears  that  neither  of  the  short-term  marginal  distributions  of 
dynamic  increments  to  wave-induced  stress  which  were  suggested  in  Ref  1 are 
particularly  attractive  assumptions  for  the  FOTINI-L  and  the  SL-7. 

While  statistical  independence  of  short-term  increments  (o'-)  and  wave- 
induced  stresses  (cr^)  does  not  vastly  simplify  the  prediction  problem  (Section 
4.2),  it  would  help;  Accordingly  a brief  investigation  of  statistical  inde- 
pendence in  the  short-term  was  carried  out.  Because  of  the  uncertainty  about 
the  distributions  of  both  components,  the  test  procedure  used  was  distribution 
free. 
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The  result  for  the  SL-7  data  sub-set  was  that  statistical  independence 
of  short-term  increments  and  wave-induced  maxima  appears  to  be  a quite  reason- 
able general  assumption.  In  the  case  of  the  FOTINi-L  the  independence  assump- 
tion appeared  reasonable  for  increments  to  tensile  stress  but  somewhat  tenuous 
for  compression.  An  examination  of  the  individual  cases  where  the  independence 
assumption  -n'lld  not  readily  be  accepted  disclosed  that  in  half  of  these  cases 
the  overall  stress  level  was  quite  low. 

The  results  of  the  investigations  of  the  short-term  marginal  distribu- 
tions of  increments  to  wave-induced  stress  appear  similar  to  those  carried  out 
upon  isolated  vibration  (Section  A. 5)-  It  seems  likely  that  the  contributions 
of  non-wave-related  vibration  excitation  upset  the  various  tests.  All  the 
tests  were  based  upon  expectations  resulting  one  way  or  another  from  consider- 
ations of  wave -induced  phenomena. 

4.7.2  An  Alternate  Approach  to  Short-Term  Combined  Stresses 

Given  the  above  results  it  seemed  appropriate  to  cast  about  for  some 
alternate  approaches.  One  such  approach  involves  comb i ned  stresses  directly 
(Ref  8,  for  example).  In  this  approach  it  is  assumed  that  the  vibration  is  a 
linear  response  of  the  ship  to  wave  excitation  that  happens  to  occur  at  dif- 
ferent frequencies  than  the  wave-induced  response.  In  this  rationale  the 
addition  of  vibration  to  wave -induced  stress  results  in  a new  broader  banded 
random-zero  mean  Gauss  ion  short-term  process.  In  terms  of  the  development  of 
Section  4.2,  the  variables  a.  and  a-  are  combined  in  the  short-term  predic- 
tion procedure  so  that  the  cond 1 t iona 1 3joint  density  P45(C4,  °5,  V"*  'S 

replaced  by  a conditional  density  p^cr^,  A^  ...)  where  is  the  continuous 
sum  of  the  wave-induced  and  vibratory  stresses,  not  the  sum  of  maxima  as  was 
previously  implied.  This  approach  has  some  very  great  practical  attractions  in 
that  synthesis  of  both  RMS  wave-induced  stress  and  RMS  vibration,  as  well  as 
the  associated  spectra,  is  considered  to  be  within  present  state-of-art  (Ref  8). 

From  the  point  of  view  of  checking  the  applicability  of  this  concept  to 
the  combined  stress  maxima  it  is  first  necessary  to  develop  samples  of  all  the 
maxima  in  the  original  stress  record.  It  was  convenient  to  do  this  in  con- 
junction with  one  of  the  investigations  noted  in  Section  4.6  (that  which  in- 
volved all  the  wave-induced  stress  maxima  in  the  SL-7  data  sub-set).  Accord- 
ingly, tests  for  goodness-of -f i t to  the  CLH  distribution  were  made  on  samples 
of  combined  stress  maxima  from  each  record  in  the  SL-7  data  sub-set  (details  are 
noted  in  Appendix  C-7) • 

The  first  results  of  this  process  were  that  the  distribution  parameters 
(RMS  and  broadness  parameter)  fitted  to  samples  of  maxima  appeared  symmetrical 
with  those  fitted  to  samples  of  minima,  and  that  941  of  the  broadness  parameters 
were  above  0.8.  The  rates  of  failure  of  the  goodness-of-f i t tests  were  nearly 
that  expected  due  to  statistical  variability,  and,  accordingly,  the  results 
imply  that  the  short-term  maxima  and  minima  of  the  combined  stresses  in  the 
SL-7  data  sub-set  are  quite  generally  nearly  normally  distributed,  a result 
which  would  be  expected  as  a consequence  of  the  approach  in  Ref  8. 


Two  aspects  of  the  just  described  Investigation  were  disturbing.  One 
was  that  the  contribution  of  the  vibration  to  the  total  variance  of  combined 
stress  was  extremely  small,  no  reasonable  check  on  the  fundamental  addition 
approach  could  be  made.  The  second  aspect  was  that  the  sample  extremes  were 
outside  the  range  expected  much  more  often  than  the  good  overail  fits  to  the 
CLH  distribution  would  imply.  In  most  of  the  cases  where  the  sample  extremes 
were  not  within  the  expected  range  the  extreme  was  larger  than  expected,  and, 
moreover,  these  cases  tended  to  be  concentrated  in  head  and  bow- sea  cases  and 
in  the  severest  weather.  The  implication  is  that  while  the  combined  maxima 
and  minima  may  on  average  follow  the  expected  distribution  for  a broad'band 
Gaussian  process,  severe  wave-induced  vibratory  response  (the  item  of  real 
interest)  may  upset  the  tails  of  the  distribution  in  a way  not  discernable 
with  the  fitting  procedures  utilized. 

A . 7 . 3 Composition  of  the  Maximum  Combined  Stress  in  Twenty-Minute  Records 

Since  the  prospects  for  synthesis  of  combined  wave-induced  and  dyna- 
mic stresses  in  the  short-term  appeared  mixed  at  best,  it  appeared  worthwhile 
to  look  at  the  combined  stress  problem  in  a much  more  purely  empirical  way. 
Since  it  was  suspected  that  much  of  the  confounding  of  results  pertaining  to 
vibration  had  to  do  with  the  influence  of  the  many  small  vibrations  which 
exist  in  every  record,  it  was  decided  to  consider  only  the  maximum  values  of 
the  various  components  of  stress  in  each  record.  The  detail  of  this  effort 
is  shown  in  the  last  two  sections  of  Appendix  C-7.  Previously  developed 
statistics  from  the  FOTINI-L  and  SL-7  data  sub-sets  were  used  in  this  invest! 
gation. 


The  first  question  posed  was  about  the  magnitude  of  the  maximum 
dynamic  increment  to  wave-induced  stress  in  relation  to  the  magnitude  of  the 
maximum, superimposed  double  amplitude  of  isolated  vibration  (Sections  4.4, 

4.5).  The  first  finding  was  as  expected;  that  is,  the  maximum  dynamic  incre- 
ment in  a record  is  not  generally  exactly  equal  to  half  the  maximum  vibration 
double  amplitude.  It  may  be  more  or  less.  However,  the  results  for  the 
FONTINI-L  suggested  that  it  would  not  be  terribly  conservative  to  assume  that 
the  maximum  dynamic  increment  in  a record  is  equal  to  half  the  maximum  vibra- 
tion double  amplitude  (the  most  probable  ratio  between  the  two  was  about  0.9). 

The  results  for  the  SL-7  data  were  mixed.  In  this  case  the  most  probable  value 
of  the  ratio  of  maximum  increment  to  half  the  maximum  vibration  double  ampli- 
tude was  about  0.8  but  the  dispersion  of  the  values  was  greater  than  that  for  the 
FOTINI-L. 

The  next  question  posed  was  essentially  "does  the  maximum  dynamic 
increment  in  a record  increase  the  maximum  wave-induced  stress  excursion  in  a 
record,  or  some  other  excursion?"  The  answer  was  that  in  general  the  maximum 
dynamic  increment  in  a record  is  not  added  to  the  maximum  wave-induced  stress. 

At  this  point  it  appeared  that  the  addition  of  half  the  maximum  double 
amplitudes  of  vibration  to  the  maximum  wave-induced  main  extremes  in  tension 
and  compression  would  quite  likely  be  an  overly  conservative  procedure. 

Though  this  addition  can  and  did  occur,  it  does  not  appear  highly  probable. 

While  the  maximum  dynamic  increment  in  the  record  is  approximately  half  the 
maximum  double  amplitude  of  vibration,  the  data  indicate  that  it  may  increase 
wave- induced  excursions  of  any  magnitude. 
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These  results  implied  that  perhaps  the  problem  was  not  being  approached 
from  an  advantageous  direction.  In  the  present  context  the  real  interest  is  in 
the  maximum  combined  stress  in  a record.  The  maximum  combined  stress  in  tension 
or  compression  is  the  sum  of  a wave-induced  main  extreme  and  a vibration-induced 
dynamic  increment.  Accordingly,  it  appeared  reasonable  to  investigate  the  wave- 
induced  stress  and  the  dynamic  increments  "associated"  with  the  maximum  com- 
bined stress  in  each  record. 

In  the  case  of  the  SL-7,  in  about  95%  of  all  records  in  the  data  sub- 
set, the  wave- induced  main  extreme  associated  with  the  maximum  combined  stress 
was  found  to  be  either  within  5%  of  the  maximum  wave-induced  main  extreme  in 
the  record  or  exactly  equal  to  it.  In  about  65%  of  the  FOTINI-L  records  in  the 
data  sub-set,  the  wave-induced  main  extreme  associated  with  the  maximum  combined 
stress  was  found  to  be  within  10%  of  the  maximum  wave-induced  main  extreme  in 
the  record.  The  detailed  results  show  that  the  associated  wave-induced  main 
extreme  and  the  record  maximum  were  identical  in  about  50%  of  the  data  sub-set. 
It  appears  that  the  maximum  combined  stress  in  a record  may  be  generally  assumed 
to  result  from  the  addition  of  vibration  to  the  maximum  wave-induced  stress  in 
the  record.  The  assumption  would  involve  very  little  conservation  for  the 
SL-7  and  would  appear  within  reason  for  the  FOTINI-L. 

Considering  the  increments  due  to  vibration  which  are  associated  with 
the  maximum  combined  stress,  it  was  found  that  the  ratio  of  this  quantity  to 
half  the  maximum  vibration  double  amplitude  in  a record  was  more  or  less  uni- 
formly distributed  between  values  of  zero  and  about  1.1. 

In  summary,  the  results  from  the  data  sub-sets  imply  that  it  may  be 
within  reason,  though  somewhat  conservative,  to  assume  in  the  long  term  that 
the  maximum  combined  main  stress  extreme  in  tension  or  compression  in  a record 
is  the  sum  of  the  maximum  wave-induced  main  extreme  in  the  record  and  a dynamic 
increment  which  is  a uniformly  distributed  fraction  of  half  the  maximum  double 
amplitude  of  vibration  in  the  record.  Thus,  an  approach  is  suggested  to 'the 
conversion  of  empirical  long-term  distributions  of  maximum  vibration  double 
amplitudes  (Section  4.5)  to  long-term  distributions  of  vibration  increments 
associated  with  the  maximum  wave-induced  stresses,  since  the  uniform  distribu- 
tion just  cited  may  be  interpreted  as  a conditional  distribution  of  G , given 
the  maximum  vibration  double  amplitude.  5 


5.  CLASSIFICATION  SOCIETIES  AND  HULL  GIRDER  DESIGN  CRITERIA 
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5. 1 I ntroduction 

In  general,  it  can  be  said  that  classification  societ'ieii'  rules  repre- 
sent current  design  practices.  And,  probably  without  exception,  all  merchant 
ships  are  designed,  built  and  maintained  at  least  to  the  minimum  standards 
specified  by  the  classification  society  in  question. 

Here,  the  hull  girder  design  criteria  of  four  of  the  leading  classi- 
fication societies  are  examined,  compared  and  applied  to  the  study  ships.  The 
organizations  selected  for  the  study  have  been  steadily  introducing  rational 
design  features  in  their  rules  based  on  results  of  research  find  development 
effort.  They  are: 

o American  Bureau  of  Shipping  (ABS)  - USA 
o Lloyd's  Register  of  Shipping  (Lloyd's)  - Brita 
o Bureau  Veritas  (BV)  - France 
o Det  Norske  Veritas  (DnV)  - Norway 

On  the  whole,  all  rules  and  requirements  specified  by  these  leading 
societies  are  similar,  with  differences  only  in  details. 

The  primary  elements  of  the  rules  are  still-water  bending  moment, 
wave-induced  bending  moment,  maximum  permissible  longitudinal  bending  stress 
and  required  minimum  section  modulus.  The  still-water  and  wave-induced 
moments  are  added  directly.  Estimation  of  dynamic  moment  is  not  a considera- 
tion. All  unknowns,  such  as  structural  deviations,  residual  and  thermal 
stresses,  dynamic  stress  increments,  etc.,  are  reflected  in  the  allowable 
stress. 


5.2  Basic  Approaches  and  Design  Rules 

(21 ) 

American  Bureau  of  Shipping  - 1976'  ' 

a.  Still-Water  Bending  Moment  (SWBM) 

Required  - Calculations  of  SWBM  for  all  the  anticipated 


Standard  Design  Formula  - In  case  the  detailed  infor- 
mation of  loading  is  not  available,  a "standard" 

SWBM  as  specified  by  the  following  equation  may  be 
used: 


Ms  - Cst  L2  J~L  B (Cb  + 0.5) 


where 

M = Standard  SWBM 
s 

Cst  “ Emperical  Constant  dependent  upon 
ship  length  and  measurement  system 
(SI  or  English) 

L =Ship  Length 

B = Ship  Breadth 

C.  =■  Block  Coefficient 
b 

b.  Wave-induced  Bending  Moment  (W1BM) 

2 

Rule  Equation:  M = C-L,  B H 
^ w 2 1 e 


where  M = Wave- Induced  Bending  Moment 
w 

C 2 = Constant  for  Different  Wave  Conditions 
L]  = LBP 

B ■ Ship  Breadth 

H = The  Effective  Wave  Height  of  Standard  Wave 
e (derived  from  calculated  long-term  bending 

moment  responses  in  North  Atlantic  Ocean  waves). 


c.  Nominal  Permissible  Longitudinal  Bending  Stress  - f 

P 

f - 10.56  + tons/in2  for  790  < L ^ 1400  ft 

d.  Minimum  Required  Section  Modulus  - SM 

SM  - M./f 
t P 
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M + 


sw 


K,M  (Total  Longitudinal 
w Moment) 


Bending 


SWBM, > 0.875  M , if  calculated  from 
loading  informa? ion 


WIBM 

Constant  dependent  upon 


a . SWBM 


I 


The  design  SWBM  is  the  maximum,  hogging  or  sagging, 
calculated  for  all  the  possible  loading  conditions 

b.  WIBM 

The  rule  wave  bending  moment  M can  be  calculated  by 

w 

us  i ng 

M = O'  C.  L2  B (C.  + 0.7)  x 10"3  (Metric  System) 
w w l b 

where  0 ■ Max.  Permissible  Stresses  due  to  WIBM 
w 

Cj  = Factor  dependent  upon  Ship  Length 

The  above  direct  calculation  equation  was  based  on  the 
derivation  of  response  to  regular  waves  by  strip  theory, 
short-term  response  to  irregular  waves  using  the  sea 
spectrum  concept,  and  long-term  response  predictions 
using  statistical  distributions  of  sea  states. 

c.  Maximum  Permissible  Longitudinal  Bending  Stresses. 

The  maximum  permissible  stresses  for  still- water  bending 
stress,  wave  bending  stress  and  combined  stress  are 
tabulated  in  Table  D.3.^  of  Reference  22  for  the  appropriate 
ship  type  and  different  service  conditions. 
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d.  Min.  Section  Modulus  Required  - SM 

m 

SMm  - C,  L2  B (Cb  + 0.7)  cm3 

Bureau  Veritas  - I975^23  * 

a.  SWBM  - 

The  most  unfavorable  loading  condition  is  to  be  considered 
for  SWBM  calculation.  If  actual  light  ship  weight  distri- 
bution is  not  known,  it  may  be  based  on  statistical  law 
approved  by  the  head  office. 

b.  WIBM  - 

The  maximum  rule  value  of  wave  bending  moment  (M^)  is 
given  by  the  formula: 

MH  - H L2  B (Cfa  + 0.7)  x 10  3 (Metric  System) 

3/2 

where  H - 71.67  - 6.67  [ "|ooL' j if  L < 300m 

H - 71.67  1 f L > 300m 

2 2 

c.  Maximum  Permissible  Stresses  - 8.89  tons/in  (1*4  kg  f/mm  ) 

d.  Minimum  Section  Modulus  - 


The  midship  section  moduli  at  deck  and  bottom  are  not 
to  be  less  than  the  greater  of  the  two  values: 


* 


wi  th: 

M * l .08  for  oi 1 tankers 

"1.05  for  other  ships 

Hu»  wave  bending  moment,  in  tm. 
n 

M » maximum  value  of  still  water  bending  moment,  in 
c 

tm. 

3 

W * minimum  value  of  section  modulus,  in  m , derived 
m 

from 

W - FL2  B (C.  + 0.7)  10-6 
m d 

where: 

F - 10.75 

(2k) 

Pet  Norske  Veritas  ~ 1975  u 
a.  SWBM 

As  a first  approximation  - SWBM  (Mgv)  may  be  calculated 
by  Mgv  - 0.5  [a  (Cb  + b)  L An  - (cLP  + Mm  + £px)] 

(Metric  System) 

where  a,  b,  c * constants  based  on  loading  condition 
and  ship  type 

0.17A<  a < 0.182 
0.30  < b <0.35 
0.20  < c <0.25 

An  ■ The  extreme  displacement  @ the  actual  draft 

M - Weight  of  the  machinery 

P ■ Weight  of  light  ship  minus  weight  of 
machinery 

m - The  distance  between  the  centre  of  gravity 
of  the  machinery  and  L/2 


i f L < 300m 
if  L > 300m 


: 


p - Individual  weights  which  are  included  in 
the  deadweight 

x - The  distance  from  L/2  to  the  centre  of 
gravity  of  the  individual  weights 

b.  WIBM  - 

Equations  for  vertical  wave  bending  moment  - M^v 
Mgy  (sag)  = 0.325  Cv  L,2  B (Cb  + 0.2)  x 105  kg -cm 

Mdw  (hog)  = 0.43  C L 2 B C 2 x 105  kg-cm 

bv  V I D 


where:  250-L« 

Cv  ■ 0,3  ' (_370— 


Lj  = LBP 


= Lj  but  need  not  be  taken  greater  than  250 


for  horizontal  wave  bending  moment  - Mou 
/ . . BM 

' k00-L  3 

T50 


MBH  = 0.9^0.23  -[(-g^-1)  ]]L,2  d Cb  x 105  kg- 
where: 


cm 


m 


= Lj  but  need  not  be  taken  greater  than  400 

d - mean  moulded  summer  draft  in  meters 

2 

c.  Max.  Permissible  Stress  - 1900  kg/cm  (for  ships  intended 
to  carry  ore  or  similar  heavy  cargo) 


The  longitudinal  compressive  stress  ( o ^)  at  a given 
location  in  midship  section  is  to  be  taken  as: 


a L = I.7  aB  + a$v 


where : 


lfMlV  (y-Vn)' 

2 

+ 

mbh  x 

*1  'v 

l ‘h 

wave  bending  stress 
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-still-water  bending  stress 


v 


I =■  moment  of  inertia  in  cm  of  midship  section 
v about  the  horizontal  neutral  axis,  corrosion 
allowance  not  deducted. 

1, 

I = moment  of  inertia  in  cm  of  midship  section 
about  the  vertical  centre  line,  corrosion 
allowance  not  deducted. 


x and  y «*  coordinates  in  cm  of  the  plate  panel 
location  in  relation  to  the  intersection  of 
of  the  ship's  center  line  and  keel  line, 
see  figure. 

y 


d.  Minimum  Required  Section  Modulus 


Z0  - C2  L,2  B (CB  + 0.7)  cm3 


where 


C 


1 


300-L.  3/2 

10.75  - ( )00  ■■>  L<  300 

10.75  L£  300m 

1.0  or  1.03  (depends  on  type  of  ship) 
1.0  (Depends  on  material) 
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Application  of  Rules  to  Study  Ships 

The  rules  of  the  four  societies  (ABS,  Lloyd's,  BV  and  DnV)  were  applied 
to  the  SL-7,  FOTINI-L  and  UNIVERSE  IRELAND  and  calculations  were  made  to  deter- 
mine the  still-water  bending  moments,  wave-induced  bending  moment,  maximum 
permissible  stress  and  minimum  required  section  moduli.  The  numerical  results 
are  summarized  In  Table  5-1. 

It  can  be  seen  that  the  requirements  of  longitudinal  strength  as 
specified  by  the  four  different  classification  societies  are  not  very  differ- 
ent from  one  another.  All  allow  the  use  of  calculated  SWBM  for  anticipated 
loading  condition.  ABS  further  requires  that  a "standard"  SWBM  be  calculated, 
and  that  any  SWBM  used  in  Section-Modulus  calculations  be  at  least  0.875  of  the 
"standard"  SWBM.  The  other  rules  make  no  similar  restriction  on  SWBM.  It  is 
pertinent  to  note  that  the  "standard"  SWBM  based  on  the  ABS  requirement  are 
approximately  the  same  as  for  the  anticipated  loading  conditions  for  the  SL-7 
and  UNIVERSE  IRELAND.  However,  for  the  FOTINI-L,  the  "standard"  SWBM  appears 
to  be  considerably  low. 

DnV  rules  would  be  considered  more  detailed  than  other  rules  with 
respect  to  WIBM.  The  DnV  expression  for  wave  bending  stress  involves  both  the 
vertical  and  horizontal  bending  moments  and  moments-of- inert ia  explicitly, 
whereas  the  other  rules  do  not. 

For  ship  length  between  150m  and  300m,  Lloyd's,  BV  and  DnV  have  essen- 
tially the  same  calculation  for  minimum  section  modulus.  In  calculations  for 
hull  section  modulus,  none  of  the  four  rules  distinguish  between  tensile  and 
compressive  loadings  on  the  hull.  The  maximum  bending  moment  due  to  hogging  or 
sagging  is  to  be  used  with  section  moduli  for  upper  and  lower  portions  of  the 
ship's  hull.  However,  DnV  does  require  that  a separate  buckling  (compressive) 
stress  analysis  be  done  for  the  ship  hull. 

Lloyd's  distinguishes  two  ship  types  for  the  purpose  of  establishing 
the  maximum  permissible  stress  to  be  used  in  calculating  the  hull  section 
modulus.  Type  1 (ships  with  cargoes  denser  than  fresh  water)  are  allowed 
stress  only  30%  of  that  which  is  allowed  for  Type  2 (ships  with  cargoes  less 
dense  than  fresh  water).  But  it  is  known  that  many  operators  of  dense  cargo- 
carrying ships  take  special  care  to  distribute  the  loads  in  a manner  conducive 
to  ship  safety.  If  they  wish  to  benefit  from  this  practice,  under  the  Lloyd's 
rules  they  must  go  the  route  of  individual  consideration  for  vessels  of  special 
or  unusual  design. 
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6.  FINDINGS  AND  CONCLUSIONS 


I.  The  Logbook  information  for  the  study  ships  related  to  deadweight 

distribution,  and  ballast  changes  and  fuel  consumption  during  voyages,  is 
inadequate  or  unretr ievable  or  too  costly  to  retrieve.  This  situation  pre- 
cluded the  reconstruction  of  the  actual  experienced  loading  conditions  and 
the  calculation  of  the  corresponding  still-water  bending  moments. 

The  correlation  between  the  loading  booklets  and  the  full-scale  stress 
data  with  respect  to  the  still-water  bending  moment  variation  during  voyages 
was  poor. 


2.  Full-scale  stress  measurements  lend  themselves  to  the  estimation  of 

thermal  stresses.  The  magnitude  of  the  stress  is  dependent  on  the  ship 
type,  color  of  the  deck  or  its  protection  from  the  sun  and  weather  factor. 
No  correlation  is  found  between  the  magnitude  of  the  stress  and  different 
geographical  areas  for  the  same  ship. 


3.  The  SL-7  full-scale  stress  data  show  maximum  diurnal  mean  bending 

stress  variation  of  1 to  3 kpsi  and  variation  throughout  voyages  of  1 to  6 
kps  i . 

The  FOTINI-L  full-scale  stress  data  show  maximum  diurnal  mean  varia- 
tion of  1 to  3 kpsi  and  voyage  variation  of  2 to  17  kpsi. 

The  UNIVERSE  IRELAND  full-scale  stress  data  show  maximum  diurnal 
stress  variation  of  2 to  6 kpsi  and  voyage  variation  of  A to  19  kpsi.  The 
large  variations  in  the  mean  stress  do  not  correlate  with  the  sample  loading 
conditions,  full  load  or  ballast,  in  the  loading  booklet. 

The  implication  of  these  variations  is  that  the  operating  procedures 
of  contalnerships  require  relatively  small  margin  for  still-water  stress 
variation  during  voyages  whereas  those  of  the  tankers  and  bulk  carrier  require 
large  margins. 

In  general,  the  still-water  bending  stress  variations  appear  to  have  a 
random  nature  and  at  the  same  time  submit  to  the  control  of  their  extremes  by 
the  operators;  this  suggests  that  still-water  bending  moments  can  be  expressed 
and  estimated  probabilistically  with  truncated  distributions. 

A.  The  UNIVERSE  IRELAND  experiences  very  little  sea-related  vibration  and 

the  magnitude  of  the  associated  vertical  bending  load  appears  nearly  independ- 
ent of  heading  or  sea  condition.  In  fact,  for  the  purpose  of  design,  at  least 
in  the  near  term,  the  effect  of  vibratory  response  from  all  causes  could  be 
conservatively  accounted  for  by  assuming  an  increment  to  wave-induced  tension 
or  compression  of  less  than  2 kpsi. 
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5.  A considerable  portion  of  the  high-vibration  data  for  the  FOTINI-L  was 

found  to  be  suspect;  elimination  of  this  data  from  the  analysis  tends  to  reduce 
the  significance  of  vibration  in  the  synthesis  of  extreme  loads. 


6.  The  maximum  vibration  in  the  SL-7  is  induced  both  by  forward  bottom 

slamming  and  "flare  shock"  (the  inception  of  vibration  occurs  at  maximum  wave- 
induced  hogging  as  well  as  sagging).  The  maximum  vibration  increases  gradually 
with  wave  severity  and  as  the  heading  changes  from  following  seas  to  head  seas. 
Additionally,  the  general  trends  are  functions  of  combinations  of  weather  and 
speed  parameters.  There  is  a steep  increase  in  the  stress  at  Beaufort  number  9 
when  the  normal  speed  is  still  maintained  but  there  is  sharp  decrease  at 
Beaufort  number  10  when  the  speed  is  reduced.  Maximum  vibration  stress  double 
amplitudes  of  3 kpsi  are  exceeded  in  12%  of  the  records;  peak  stresses  of  10  kpsi 
and  15  kpsi  are  present  in  the  records. 


7.  The  level  of  the  maximum  vibration  of  FOTINI-L  is  low.  98.6%  of  the 

double  amplitudes  of  stress  are  below  3 kpsi  and  the  remaining  are  below  9 kpsi; 
the  higher  values  are  associated  with  Beaufort  numbers  above  6 and  beam  seas. 

The  trend  in  beam  seas  as  well  as  the  time  histories  suggest  that  the  vessel 
experiences  mostly  springing. 


8.  The  short-term  maximum  vibration  stress  data  for  both  the  SL-7  and 

FOTINI-L  do  not  fit  the  Rayleigh  or  the  exponential  distributions,  however, 
they  are  closer  to  the  latter.  This  situation  leaves  a serious  gap  in  the  pro- 
cedure to  predict  long-term  trends  from  short-term  RMS  estimates  and  hinders 
the  development  of  a rational  method  for  the  synthesis  of  loads. 


9.  The  long-term  distributions  of  the  double  amplitudes  of  the  maximum 

vibration  stress  for  the  SL-7  and  FOTINI-L  fit  (empirically)  the  Weibull  dis- 
tribution satisfactorily.  This  would  aid  in  the  development  of  a semi-empirical 
procedure  for  the  long-term  prediction  of  vibration  loads,  however,  it  would 
be  constrained  by  the  limited  availability  of  full-scale  data  for  various  ship 
types . 


10.  The  short-term  wave-induced  bending  moment  maxima  for  the  SL-7  at  slow 
speed  fit  the  Rayleigh  distribution  reasonably  well.  At  operating  speed  the 
data  fit  the  Cartwright  and  Longuet-Higgins  distribution  with  the  broadness 
parameter  approaching  unity  for  over  half  of  the  data.  A relatively  small  por- 
tion of  the  data  fits  the  Rayleigh  distribution.  If  it  is  assumed  for  the 
simplification  of  analyses  that  the  short-term  wave-induced  bending  moment 
maxima  are  always  Rayleigh  distributed,  the  resulting  long-term  prediction  is 
likely  to  be  conservative  to  a degree  which  is  not  possible  to  judge  based  on 
the  work  performed.  The  ratio  of  compression  to  tension  of  wave-induced  bend- 
ing moment  maxima  is  approximately  1:1.2  for  extremes  and  1:1.06  for  RMS. 
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; In  the  case  of  the  FOTINI-L,  the  assumption  that  the  short-term  wave- 

[ induced  moment  fit  the  Rayleigh  distribution  would  be  reasonable,  if  not  always 

true.  The  magnitudes  of  compression  and  tension  are  symmetrical. 

11.  For  the  SL-7  and  FOTINI-L  the  short-term  distributions  of  the  dynamic 
increment  to  wave-induced  stress  (which  together  form  the  combined  dynamic 
stress)  do  not  fit  the  Rayleigh  or  the  exponential  distributions.  To  use 
either  form  even  with  judicious  corrections  for  engineering  purposes  does  not 
appear  advisable.  The  magnitude  of  the  compression  and  tension  are  statisti- 
cal ly  symmetr ical . 

For  purposes  of  estimating  loads,  the  assumption  that  the  dynamic  incre- 
ments and  wave-induced  bending  moment  maxima  are  statistically  independent 
appears  valid. 

12.  The  combined  short-term  dynamic  stress  data  for  the  SL-7  fits  the 
Cartwright  and  Longuet- Higgins  distribution  with  large  broadness  parameter; 
however,  it  is  likely  to  underpredict  the  extremes. 

13.  The  data  suggest  that  in  the  long  term  the  maximum  combined  dynamic 
stress  extreme  in  tension  or  compression  found  in  a record  is  the  sum  of  maxi- 
mum wave-induced  main  extreme  and  an  increment  which  is  a fraction  of  half  the 
maximum  double  amplitude  of  vibration  in  the  record.  This  fraction  is  approxi- 
mately uniformly  distributed  between  0 and  1.1  over  all  records. 


7.  RECOMMENDATIONS 


1.  A very  comprehensive  program  Is  required  to  establish  the  validity  of 

making  long-term  predictions  of  still -water  bending  moments  using  a probabilis- 
tic approach  and  to  determine  the  nature  of  the  statistical  distribution  for 
different  ship  types.  Three  approaches  should  be  considered. 

I)  Collection  of  actual  operating  data  on  deadweight 
distribution,  and  fuel  consumption  and  ballast 
changes  during  voyages  for  minimum  of  one  year. 

In  view  of  the  difficulties  experienced  in  this 
project,  the  data  gathering,  recording  and  com- 
municating procedure  must  be  worked  out  precisely 
in  every  detail  and  explained  to  every  ship  offi- 
cer responsible  for  the  task. 

Preliminary  discussions  should  be  held  with  the 
ship  owners  to  obtain  their  view  on  the  practi- 
cality of  the  program  and  the  extent  of  the  co- 
operation they  would  provide. 

ii)  Derivation  of  all  possible  loading  conditions 
(within  practical  limits  of  draft  and  trim)  over 
the  lifetime  of  a ship.  It  should  Include  the 
derivation  of  fuel  consumption  and  all  possible 
ballast  changes,  including  those  during  tank 
washing,  for  all  possible  voyages. 

The  pitfall  of  this  method  is  the  requirement  to 
employ  subjective  judgement  to  apply  probabilities 
of  occurrances to  the  different  loading  conditions 
and  to  establish  the  points  of  truncation  of  the 
distributions. 

iii)  Installation  of  mechanical  scratch  gages  which  would 
record  extreme  stress  variation  during  a designated 
time  period.  The  still-water  bending  stress  at  time 
of  the  installation  of  the  gage  would  be  the  refer- 
ence stress  for  the  duration  of  the  Instrumentation 
period. 

Results  of  this  report  indicated  that  the  median  of 
the  stress  extremes  In  each  time  period  would  be 
quite  a reasonable  estimate  of  the  mean  stress. 

Estimates  of  the  still-water  bending  stress  and 
thermal  stress  may  be  derived  from  the  information 
on  the  means. 

It  is  believed  that  the  scratch  program  could  be 
cost-effective  in  the  pursuit  of  rational  design 
procedure. 
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2.  The  existing  procedure  for  the  estimation  of  wave-induced  bending 
moment  should  be  extended  to  incorporate  the  short-term  broad-band  response 
using  the  Cartwright  and  the  Longuet-Higgins  distribution.  The  response 
calculation  for  different  ship  types  should  be  performed  for  both  Rayleigh 
and  broad-band  distributions  and  compared  with  experimental  and/or  full- 
scale  results.  This  comparison  would  indicate  the  magnitude  of  overes'tl- 
mation  due  to  Rayleigh  and  the  advisability  of  using  it. 

3.  If  the  vibration  is  considered  as  a separate  entity,  the  results  of 
the  long-term  empirical  predictions  of  the  maximum  vibration  double  ampli- 
tude may  be  applied  to  the  classification  society  rules  to  determine  the 
probable  influence  of  vibration  at  varying  risk  levels  in  the  estimation 
of  the  section  modulus. 


k.  A study  should  be  made  to  determine  the  advisability  of  converting 
the  empirical  long-term  distributions  of  maximum  vibration  double  ampli- 
tudes to  long-term  distributions  of  vibration  increments  associated  with 
the  maximum  wave-induced  stresses  for  inclusion  in  a design  procedure. 
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APPENDIX  B 


WAVE-INDUCED  BENDING  MOMENTS  CALCULATIONS 

TABLE  B-l 

Summary  of  Wave  Data  for  SL-7  - Number  of  Observations  in  North  Atlantic 

Ref:  "Ocean  Wave  Statistics"  by  N.  Hogben  6 F.E.  Lumb 
Area  No.  6 5 7 are  used  for  SL-7  Wave  Spectra  Calculation 
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TABLE  B-2 

Summary  of  Wave  Data  For  SL-7  " Percentage  of  Observations  in  North  Atlantic 
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TABLE  B-3 

Summary  of  Wave  Data  for  FOTINI-L  Number  of  observations 
between  Japan,  Peru  and  San  Pedro,  California 

Ref.  "Ocean  Wave  Statistics"  by  Hogben  6 Lumb  Route  between 
California  and  Peru: 

AREAS  5,  14,  22,  32  are  included 
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5 

1 

2 

2 

1 

2 

1 

3 

4 

5 

2 

4 

1 

5 

2 

1 

2 

1 

0 

l 

3 

1 

1 

11229 

6944 

2719 

1003 

355 

9 11  13 

Wave  Period  (Seconds) 


23527 


19  (Sec) 


■ * 


Wave  Height  (Ft. 


Wave  Height  (M) 


TABLE  B-4 


! 


Summary  of  wave  data  for  FOTINI  -L-  Percentage  of  observations  between 
Japan  and  California 

Ref.  "Statistical  diagrams  on  the  winds  and  waves  on  the  North  Pacific 
Ocean"  by  Y.Yamanouchi  and  A.Ogawa  March  1970.  Ship  research 
institute.  Tokyo,  Japan. 

Area  6 5 2 15  16  17  18 

% 4.1%  66%  12.2%  12.0%  32.6%  22.5%  10% 


Summary  of  above  areas 


Wave 

0 5 7 

Period  (Sec.) 

9 11  13  15 

TOTAL 

12.30 

1.58 

.55 

.14 

.02 

.02 

5, 92  . 

20.53 

1- 

16.06 

18.75 

5.44 

.84 

.14 

.03 

.85 

42.11 

2- 

1.33 

6.23 

10.23 

4.31 

.66 

.12 

.44 

23.32 

3- 

.25 

• 95 

1.98 

2.24 

1-54 

.48 

.21 

7.65 

4- 

5- 

.13 

• 32 

.71 

.72 

.47 

.35 

.21 

2.91 

6- 

7- 

.03 

.10 

.18 

.17 

15 

.10 

.58 

1.31 

O sO  09 

1 1 1 

— 

.02 

.06 

.09 

.08 

.07 

.09 

.41 

TOTAL 

30.10 

27.95 

19.15 

8.51 

3.06 

1.17 

8.30 

1.76 

Calm  Water 


Calm  water 


Route  Between  Japan  - California  - Peru 


Wave  Period  (Sec) 

7 9 11  13  15 


.15 


1.35 

20.0 

.46 

5.28 

6.32 

7.52 

.78 

1.47 

.21 

.47 

.06 

.12 

.01 

.03 

28.73 

i 15-35 

8 


10 


Total 


Conclusion:  Wave  Period  Range  (SEC)  0~I1  15' 

Wave  Height  Range  (m)  0~5.75 


.79 


(W17.5) 


.04  .20 


4.25  * 3.25 


7 

Calm  water 
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TABLE  B-7 

SL-7  - HEAVY  LOADED  CONDITION 
ZERO  SPEED 

FRACTION  OF  WAVE  DAMPING  = .1 


VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  MIDSHIP  CALCULATED 
FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT/TONS/FT) 


ANGLE 

FREQ. 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

180.0 

.31790 

11200 

8130 

1590 

1960 

1640 

8200 

11300 

.36880 

18700 

14000 

3420 

2630 

3500 

14100 

18900 

.41970 

27000 

21100 

6090 

3410 

6170 

21400 

27300 

.47060 

34600 

28600 

9590 

4290 

9580 

28900 

35100 

.52150 

38700 

34300 

1390.0 

5210 

13600 

34900 

39700 

.57240 

36900 

36400 

18600 

6140 

17400 

37100 

38400 

.62330 

28200 

33300 

23000 

7090 

20700 

34700 

31000 

.67420 

14700 

24300 

26900 

7880 

22100 

27200 

19700 

.72510 

1560 

11300 

28800 

8420 

21600 

17800 

9570 

.77600 

7090 

1570 

27200 

8500 

19600 

9040 

6470 

.82690 

6570 

8230 

21600 

8560 

17800 

5180 

7440 

.87780 

3900 

7610 

13500 

9420 

15700 

7300 

5070 

.92870 

4890 

4020 

6900 

10900 

11600 

6220 

338 

.97960 

3690 

4380 

6400 

11400 

5420 

1670 

2290 

1.03050 

2570 

4500 

8800 

11300 

1420 

1940 

933 

1.08140 

2480 

2910 

9160 

10800 

5370 

1880 

1940 

1.13230 

1110 

2630 

7020 

9780 

6800 

1070 

1500 

1.18320 

1900 

1710 

3760 

8640 

5430 

1830 

416 

1.23410 

1500 

1360 

2530 

7410 

2500 

677 

1030 

1.28500 

840 

1800 

3700 

6100 

487 

742 

821 

1.1335S 

588 

1200 

3520 

4910 

2020 

880 

531 

1.38680 

1060 

731 

2310 

3860 

1840 

543 

267 

1.43770 

600 

603 

1890 

3000 

653 

329 

680 

1.48860 

161 

800 

2100 

2340 

670 

119 

611 

1.53950 

564 

447 

1690 

1880 

999 

339 

193 

1.59040 

503 

236 

1200 

1540 

589 

329 

451 

B-7 


AD-A072  910 


UNCLASSIFIED 


ROSENBLATT  (M>  AND  SON  INC  NEW  YORK  F/G  13/10 

EXAMINATION  OF  SERVICE  AND  STRESS  DATA  OF  THREE  SHIPS  FOR  DEVEL— ETC(U) 
APR  79  J F DALZELLt  N M MANI AR * M W HSU  N00024-75-C-4324 

SSC-287  NL 


2 0F  3 

*8^2910 


FOTINI-L  WIBM  For  Full  Load  (*»2f/ton)  And  16  Knot  Speed  Condition 


TABLE  B-14 


FOTINI-L  - BALLAST  CONDITION  (MEAN) 
16.0  KNOTS 

FRACTION  OF  WAVE  DAMPING  = .2 


VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  MIDSHIP  CALCULATED 
FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT/TONS/FT) 


ANGLE 

FREQ. 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

180.0 

.31790 

12000 

9240 

3480 

486 

3600 

10000 

13100 

. 36880 

19200 

15200 

5880 

749 

6130 

17000 

21900 

.41970 

27700 

22600 

9110 

1110 

9690 

25800 

32300 

.47060 

35300 

30155 

13100 

1590 

14400 

36000 

43400 

.52150 

39900 

36300 

17900 

2200 

20300 

46000 

52000 

.57240 

38700 

39100 

.22700 

3010 

27600 

51600 

50400 

.62330 

31000 

36900 

27100 

4070 

35400 

44300 

32900 

.67420 

18100 

29100 

30400 

5340 

40800 

26100 

11700 

.72510 

5840 

17300 

32000 

6690 

38600 

9080 

8300 

.77600 

6930 

6330 

31200 

7800 

30000 

9730 

11000 

.82690 

7680 

6310 

27900 

8210 

19300 

11200 

5470 

.87780 

3140 

7460 

22200 

7900 

10700 

5630 

8900 

.92870 

1880 

3830 

15100 

7440 

10600 

7820 

9840 

.97960 

3630 

1100 

8240 

7070 

13800 

10100 

2630 

1.03050 

6960 

3180 

4600 

6590 

13200 

4200 

7070 

1.08140 

7240 

3800 

5440 

6010 

8410 

4970 

6470 

1.13230 

3240 

4790 

5520 

5230 

3170 

7410 

1300 

1.18320 

1810 

2860 

3500 

4480 

5760 

2800 

3400 

1.23410 

4370 

1590 

4790 

3710  ' 

7220 

2780 

173 

1.28500 

6190 

330 

2020 

3000 

4510 

2270 

2530 

1.33590 

2600 

6640 

2700 

2040 

587 

1390 

1180 

1.38680 

936 

9640 

1570 

1940 

4070 

2230 

827 

1.43770 

1130 

2700 

298 

1630 

4090 

496 

429 

1.48860 

1620 

1780 

1320 

1440 

981 

1030 

1140 

1.53950 

732 

1640 

957 

1280 

2360 

303 

1040 

1.59040 

181 

1810 

250 

1100 

3100 

900 

189 

ANGLE 

FREQ. 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

180.0 

.31790 

13600 

10600 

3920 

750 

4070 

11100 

14600 

. 36880 

21600 

17000 

6570 

1200 

6730 

18000 

23000 

.41970 

30200 

24700 

1000 

1870 

10200 

26100 

32700 

.47060 

37400 

32100 

14100 

2840 

14200 

36000 

45000 

.52150 

40600 

37200 

1840Q 

4380 

19200 

53600 

59200 

.57240 

37300 

38300 

22700 

6710 

33300 

52000 

42000 

.62330 

27700 

34000 

25800 

10100 

46000 

31400 

19000 

.67420 

14000 

24400 

27300 

12600 

37300 

12600 

6220 

.72510 

3220 

12200 

26900 

8780 

27100 

8490 

12200 

.77600 

7620 

3120 

24200 

6130 

16700 

13000 

9310 

.82690 

6970 

6910 

19300 

7790 

8700 

9390 

7100 

.87780 

1780 

6870 

13600 

8100 

10000 

6400 

11200 

.92870 

3270 

2480 

7610 

7670 

14300 

10600 

7200 

.97960 

3100 

2630 

3530 

6990 

14900 

8030 

5420 

1.03050 

1980 

3800 

3700 

6220 

11000 

3710 

8130 

1.08140 

3320 

1410 

4660 

5440 

5360 

7370 

3610 

1.13220 

1950 

2070 

4080 

4690 

4700 

5120 

3190 

1.18320 

971 

2380 

2180 

4010 

6830 

2060 

1710 

1.23410 

5480 

490 

167 

3410 

5690 

2700 

1680 

1.28500 

7060 

876 

1680 

2910 

2400 

841 

922 

1.33590 

1110 

2200 

1890 

2500 

3110 

1830 

133 

1.38680 

2000 

2490 

903 

2200 

4110 

446 

982 

1.43770 

2190 

2480 

:564 

1960 

2420 

793 

541 

1.48860 

1660 

4220 

1180 

1770 

1770 

1140 

882 

1.53959 

1250 

3070 

831 

1660 

2960 

864 

1300 

1.59040 

626 

2800 

522 

1480 

2020 

1220 

1130 

TABLE  B-16 


FOTINI-L  - LOADED  CONDITION  ORE  (20  CUBIC  FT/TON) 

16.0  KNOTS 

FRACTION  OF  WAVE  DAMPING  - .2 


VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  MIDSHIP  CALCULATED 
FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT/TONS/FT) 


ANGLE 

FREQ. 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

180.0 

.31790 

13200 

10300 

3860 

771 

4000 

11000 

14300 

.36880 

21000 

16800 

6440 

1240 

6630 

17900 

22900 

.41970 

29400 

24100 

9830 

1910 

10000 

26000 

32600 

.47060 

36600 

31300 

14000 

2910 

14000 

37000 

46900 

.52150 

39600 

36400 

18200 

4490 

19300 

56700 

61200 

.57240 

36400 

37600 

22300 

6890 

36000 

51700 

41200 

.62330 

27000 

33300 

25600 

10400 

46400 

30900 

18200 

.67420 

13600 

24000 

27200 

12800 

37100 

12000 

6510 

. 72510 

3130 

12000 

26900 

8720 

26900 

8930 

12500 

.77600 

7710 

3070 

24200 

5360 

16400 

13400 

9220 

.82690 

7270 

6940 

19800 

7330 

8430 

9330 

7300 

.87780 

2480 

7070 

13800 

7830 

10400 

6530 

11600 

.92870 

2990 

2920 

7600 

7500 

14900 

10900 

7180 

.97960 

2980 

2460 

3230 

6890 

15100 

8100 

5540 

1.03050 

2540 

3620 

3700 

6160 

11100 

3740 

8260 

1.08140 

4020 

1410 

4800 

5400 

5290 

7510 

8580 

1.13230 

2940 

2240 

4100 

4670 

4840 

5140 

3220 

1.18320 

3290 

2660 

2060 

4010 

7040 

2080 

1690 

1.23410 

4380 

769 

563 

3420 

5800 

2720 

1700 

1.28500 

3640 

1040 

1910 

2930 

2400 

864 

873 

1.33590 

5220 

4000 

2000 

2530 

3220 

1840 

142 

1.38680 

1210 

5190 

988 

2230 

4230 

470 

1030 

1.43770 

1300 

1670 

822 

2000 

2470 

807 

543 

1.48860 

1110 

2320 

1380 

1800 

1840 

1200 

916 

1.53950 

837 

1680 

1040 

1640 

3070 

870 

1400 

1.59040 

342 

1820 

761 

1510 

2100 

1260 

1160 

B-16 
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TABLE  B-17 

FOTINI-L  - FULL  LOADED  CONDITION  COAL  (42  CUBIC  FT/TON) 

15.0  KNOTS 

FRACTION  OF  WAVE  DAMPING  - .2 


VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  MIDSHIP  CALCULATED 
FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT/ TONS /FT) 


ANGLE 

FREQ. 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

180.0 

.31790 

14300 

11200 

4690 

1690 

5670 

13200 

16700 

. 36880 

22400 

18000 

7500 

2520 

9000 

20700 

25800 

.41970 

31000 

25400 

11000 

3710 

13100 

28700 

34700 

.47060 

37900 

32600 

15100 

5430 

17100 

36700 

46400 

.52150 

40400 

37300 

19300 

8040 

18800 

59100 

63600 

.57240 

36800 

37900 

23000 

12000 

39300 

54700 

42000 

.62330 

26700 

33000 

25700 

17000 

53000 

31400 

18700 

.67420 

12900 

23200 

26600 

16600 

41000 

13800 

10900 

.72510 

2540 

11000 

25200 

6520 

28700 

12300 

15000 

.77600 

7690 

2340 

21900 

8820 

17700 

15200 

10600 

.82690 

7030 

6980 

17000 

11700 

10500 

10200 

7400 

.87780 

2060 

6900 

11600 

11300 

12000 

6610 

10800 

.92870 

3300 

2690 

6600 

10100 

15300 

9980 

6010 

.97960 

3530 

2620 

3340 

8670 

15000 

6900 

5180 

1.03050 

1210 

3940 

3280 

7410 

10800 

3690 

6900 

1.08140 

3300 

1630 

4070 

6290 

5080 

6800 

2320 

1.13230 

2530 

1800 

3760 

5290 

4870 

3820 

3270 

1.18320 

1960 

2800 

2230 

4444 

6590 

2620 

1580 

1.23410 

4240 

1070 

194 

3740 

5100 

2600 

2590 

1.28500 

2740 

2100 

1380 

3180 

2270 

1970 

1240 

1.33590 

1990 

1210 

1760 

2710 

3460 

2280 

1100 

1.38680 

58 

1770 

967 

2330 

3960 

1330 

1460 

1.43770 

1070 

1920 

372 

2020 

2190 

1300 

910 

1.48860 

513 

996 

1040 

1770 

2020 

1540 

1160 

1.53950 

511 

1060 

814 

1540 

2810 

1080 

1060 

1.59040 

464 

1500 

392 

1360 

1730 

1400 

921 
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TABLE  B-18 


FOTINI-L  - FULL  LOADED  CONDITION  COAL  (42  CUBIC  FT/TON) 

16.0  KNOTS 

FRACTION  OF  WAVE  DAMPING  » .2 

VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  MIDSHIP  CALCULATED 
FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT/TONS/FT) 


ANGLE 

FREQ. 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

l 

180.0 

.31790 

14000 

11000 

4600 

1700 

5630 

13100 

16600 

.36880 

21900 

17500 

7340 

2560 

8960 

20600 

25600 

.41970 

30200 

24900 

10900 

3760 

13000 

28400 

34400 

.47060 

37000 

31900 

14900 

5500 

16800 

37700 

49300 

.52150 

39400 

36600 

19000 

8130 

18400 

63100 

65700 

.57240 

35900 

37100 

22800 

12100 

43400 

54000 

41400 

.62330 

26000 

32300 

25300 

17200 

53700 

30900 

18200 

.67420 

12400 

22900 

26  300 

16700 

40600 

13300 

11000 

.75210 

2500 

10900 

25300 

5920 

28200 

12700 

15100 

.77600 

7680 

2300 

22100 

8170 

17100 

15500 

10300 

.82690 

7300 

6930 

17300 

11300 

10200 

10100 

'7500 

.87780 

2740 

7090 

11800 

11100 

12200 

6670 

11000 

.92870 

3090 

3140 

6330 

10000 

15800 

10200 

5960 

.97960 

3570 

2480 

2820 

8600 

15300 

6910 

5300 

1.03050 

1590 

3900 

3380 

7390 

10800 

3640 

6990 

1.08140 

4060 

1740 

4230 

6270 

5000 

6910 

2260 

1.13230 

3840 

1910 

3630 

5290 

5000 

3790 

3310 

1.18320 

4540 

3300 

1870 

4470 

6760 

2690 

1570 

1.23410 

3500 

1490 

324 

3780 

5190 

2610 

2610 

1.28500 

1780 

2720 

1620 

3200 

2270 

2010 

1230 

1.33590 

1230 

2220 

1780 

2740 

3560 

2270 

1100 

1.38380 

430 

2810 

913 

2370 

4070 

1400 

1500 

1.43770 

520 

1240 

686 

2060 

2200 

1320 

903 

1.48860 

470 

970 

1270 

1800 

2100 

1600 

1190 

1.53950 

457 

347 

1030 

1570 

2910 

1090 

1090 

1.59040 

239 

1100 

690 

1380 

1770 

1430 

906 

TABLE  B-19 

UNIVERSE  IRELAND-BALLAST  (MEAN  DRAFT  39.59  FT.) 
10.0  KNOTS 

VERTICAL  SHEAR  FORCE  RESPONSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCORES  SHIP  MOTION  PROGRAM 
(TONS/FT) 


ANGLE 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

1 00.0 

l—  • 

0.200 

15.550 

14.490 

12.570 

12.450 

15.130 

19.150 

21 .240 

0.250 

27.300 

24.690 

20.050 

19.590 

25.260 

34.750 

40. 2 JO 

0.300 

45. iOO 

33.960 

29.250 

26.420 

33 . 5 JO 

53. 550 

7 1 . 850 

0.325 

57.520 

4a. 250 

34.410 

33.460 

45.210 

74.590 

93.850 

0.350 

73.630 

59.600 

39.870 

33.390 

54.51 0 

94.  no 

121.050 

0. 375 

93.240 

73.610 

45.570 

44.700 

63.290 

117.620 

154.110 

0.400 

119.020 

90.900 

51  .450 

50. 860 

72.3/0 

148.230 

1 ‘>2.39  0 

0.425 

143.670 

IK.  660 

57.460 

5/. 310 

31 .590 

1 7o . 5 SO 

234.200 

0.450 

131.61 0 

135.620 

oJ. 600 

63.970 

90.700 

2 ! 0. 330 

2 7o.25 J 

u.  4 /5 

215. 630 

162.710 

oy.cio  J 

70.720 

99.310 

243. 600 

313.  > 0) 

.0.500 

243.300 

191.000 

76.230 

77.410 

106.740 

273.040 

342.240 

0. 523 

275.770 

2155.650 

32 . / 30 

03.730 

1 12.009 

295.700 

357.2 JO 

0.550 

293.760 

243.050 

69.360 

89. 430 

113.990 

309. 460 

354.270 

0.575 

299.030 

2o  1 . 4 1 0 

96.030 

93.920 

1 1 2.y40 

310.600 

327.730 

0.600 

239.460 

271 .030 

102.300 

96.740 

1 1 1.990 

294. / 40 

20U.260 

1.626 

265. J20 

269.940 

109.400 

97.460 

114.990 

261 .920 

212.460 

0.660 

220.600 

267. 1 50 

115.310 

65.490 

121. 550 

2 08 . 940 

1 33.450 

0.675 

1 36. 02 0 

233.380 

121 .590 

61.01.) 

131.62  • 

|47.  Jl  ) 

r;7..:/J 

0.700 

145.440 

201 .240 

127.660 

o4.  600 

133.0- ' 

90. 1 00 

4o.  1 20 

0.760 

97.300 

131 .320 

1 36.340 

69.040 

125.910 

74. j 40 

60.20) 

0.000 

77. /OO 

86 . 060 

139.930 

55. 930 

107.810 

77.090 

24.14  0 

0.350 

70.710 

66.870 

1 30. 720 

45.620 

89 . 640 

34.360 

60.830 

0.  POO 

31  .9/0 

52.540 

105.290 

36. 1 00 

93.410 

*5.230 

66.470 

0.950 

78.030 

60.220 

70.670 

31.740 

98.99  ) 

59.300 

93.590 

1.000 

64.320 

59.38 '0: 

44.420 

26.230 

75.240 

75.310 

70.300 

1 .050 

49.230 

46.960 

35.930 

19.260 

32.9u0 

66.190 

47.910 

1 . 1 00 

45.020 

32.290 

25.940 

14.060 

12.390 

33.610 

50.390 

1.200 

25.920 

21 .640 

1 5.340 

5.550 

II .660 

27.390 

32.460 

1.300 

12.100 

6.720 

13.770 

6.  3 >0 

23.330 

13.900 

13.130 

1.400 

6.590 

2.740 

16.  no 

6.020 

24.700 

9.260 

4.930 

1 .500 

29.910 

5.340 

12.460 

2.510 

5.360 

5.500 

23.600 

1.600 

74.300 

6.340 

5.290 

1.610 

4.530 

4.300 

43.220 

1 . 700 

157.660 

2.940 

3.550 

3.130 

4.3yO 

9.290 

•03.490 

1.350 

331 .790 

3.590 

7.210 

2.660 

3.  1 j ) 

12.360 

191 .430 

TABLE  B-20 


UNIVERSE  IRELAND-BALLAST.  (MEAN  DRAFT  39.59  FT.) 
15.0  KNOTS 

VERTICAL  SHEAR  FORCE  RESPONSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCORES  SHIP  MOTION  PROGRAM 
(TONS/FT) 


AJJLs  0.0  30. 0 60.0 

r HcO . 


0 

230 

1 4. 

. 640 

13. 

650 

12. 

, 1 70 

0 

250 

2o. 

,060 

23. 

760 

19. 

,4  70 

0 

300 

42. 

,360 

J/. 

530 

26. 

,61  J 

0 

325 

53. 

,120 

46. 

120 

3a , 

,620 

0 

3a  0 

66. 

, 390 

36. 

250 

39. 

, 390 

0 

375 

62. 

,970 

63. 

370 

45. 

,290 

0 

400 

103. 

, 450 

wj. 

010 

51 . 

,4,0 

0 

425 

123. 

,010 

100. 

040 

57. 

, vij 

0 

450 

1 56, 

, JoO 

121.. 

510 

64 , 

,4-90 

0 

4/3 

136. 

,100 

146. 

370 

71. 

,290 

0 

5uO 

215. 

,600 

171 . 

250 

76, 

, 33  J 

0 

32  5 

241 . 

, 250 

1 97. 

360 

65, 

,04.) 

0 

53-J 

259. 

,320 

22  1 . 

310 

93, 

, 260 

0 

5/5 

265. 

,340 

240. 

990 

(01  , 

, 220 

0 

63  J 

260, 

, J50 

253. 

000 

109. 

. 490 

0 

625 

240. 

, 330 

255. 

200 

1 IS, 

, 0)0 

0 

660 

210. 

, 1 40 

246. 

270 

l 26, 

,830 

0 

675 

176. 

,130 

226. 

5b  0 

1 34. 

,730 

0 

700 

147. 

,910 

1 96. 

670 

142. 

,210 

0 

750 

131  . 

, 1 90 

1 39. 

860 

152. 

,730 

0 

600 

1 26, 

.650 

113. 

850 

153. 

,290 

0 

350 

II  J, 

, 550 

104. 

220 

139. 

,633 

0 

930 

12a, 

,630 

•37. 

790 

III. 

, 750 

0 

950 

1 33. 

, 430 

84. 

280 

75, 

,03  0 

1 

000 

126, 

.690 

81 . 

700 

43. 

,300 

1 

050 

123. 

.590 

70. 

470 

30. 

,610 

1 

100 

4 36, 

, /40 

37. 

930 

23. 

,600 

1 

200 

103. 

.200 

47. 

040 

12. 

,470 

1 

300 

63. 

,130 

1 8. 

260 

12. 

>360 

1 

400 

15. 

,600 

19. 

440 

15. 

, 440 

1 

500 

36. 

,460 

20. 

810 

12. 

,110 

1 

6,  JO 

49. 

,260 

22. 

370 

6. 

, 580 

1 

700 

63, 

.390 

3. 

4P0 

5. 

,090 

1 

35  ) 

123. 

, 0 70 

5. 

000 

8. 

, 7 ).J 

90. 

0 

120. 

. J 

1 j 3 » 0 

1 00. 

*» 

sJ 

12. 

590 

16, 

.950 

20.720 

23. 

160 

19. 

■590 

27. 

,07  0 

Jc.510 

44. 

93) 

2;. 

930 

42. 

.050 

66.150 

80. 

6 TO 

34. 

140 

51  . 

. O'jO 

84.300 

1 05. 

8 7.) 

39. 

750 

50. 

,860 

107.370 

1 36 . 

560 

45. 

770 

71  . 

.6.-.0 

134.100 

172. 

830 

52. 

150 

53. 

,030 

164.530 

>13. 

310 

5b . 

540 

95. 

.020 

197.410 

284. 

430 

65. 

760 

107. 

. 090 

220. 760 

260. 

920 

72. 

i >0 

1 la. 

.140 

234. 27 O 

31L. 

6)0 

79. 

770 

124, 

,310 

273.100 

33- >. 

460 

3 , . 

42  o 

12  3. 

, V-) 

2-8.  M O 

J 49  . 

04  0 

92. 

k)J 

1 23, 

. :r.j 

3 o.o.  >00 

3 "5. 

240 

97. 

2/0 

113. 

3 >0.543 

507. 

650 

100. 

440 

10  3. 

.200 

278.090 

248. 

450 

1 02 . 

190 

112, 

. 460 

2 33.7VO 

I/O. 

1 50 

101  . 

370 

1 22. 

. 1 70 

1 73.480 

93. 

930 

9 . 

370 

127. 

, bOO 

111.160 

•12. 

830 

V3. 

500 

131  . 

,390 

63.460 

39. 

510 

79. 

980 

121  . 

, 060 

93.060 

70. 

210 

66. 

310 

93. 

.790 

07.140 

27. 

1 5u 

54. 

920 

92. 

.220 

34.440 

65. 

230 

45. 

370 

109. 

.740 

60.510 

73. 

250 

35. 

3 '50 

113. 

,840 

63.690 

105. 

520 

32. 

060 

33. 

,310 

86.900 

72. 

200 

24. 

900 

3!  . 

,050 

69.620 

51. 

430 

19. 

710 

1 /. 

.760 

33.700 

54. 

220 

II  . 

•>70 

11  . 

.640 

30. 330 

32. 

560 

9. 

930 

24. 

,420 

15. MO 

13. 

270 

7. 

770 

23. 

,650 

10.430 

5. 

210 

3. 

930 

5, 

, 650 

6.560 

23. 

690 

2. 

540 

5. 

> O'rO 

3.350 

43. 

030 

3. 

710 

5. 

,500 

9.020 

>30. 

560 

3. 

97*0 

3. 

, 6 7 j 

1 3.510 

Ml  . 

630 
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TABLE  B-21 

UNIVERSE  IRELAND-FULL  (MEAN  DRAFT  81.70  FT.) 

10.0  KNOTS 

VERTICAL  SHEAR  FORCE  RESPONSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCORES  SHIP  MOTION  PROGRAM 
(TONS/FT) 


A * » JL  z 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

180.0 

0.200 

3.470 

3.970 

10.310 

12.050 

14.567 

1 ii.400 

20.530 

0.260 

12.530 

12.630 

1 5. 590 

19.430 

25.600 

37.460 

44.43  3 

0.300 

25.310 

19.630 

21.470 

29.360 

43.520 

73.420 

90.310 

0.325 

33.290 

27.050 

24.530 

35.640 

55.750 

1 00.620 

124.340 

0.330 

56.360 

33.320 

27.340 

43.060 

74.460 

1 35.  770 

1 66.420 

0.375 

79.100 

53.670 

31.270 

52.  110 

9 ».  730 

1 iO.JMO 

216.450 

0.400 

1 05.  /3J 

72.430 

34. 930 

63. 57  J 

1 iJ.j-.iJ 

5 JO 

272.050 

0.425 

134.140 

93.940 

39.330 

77.900 

1 Jl  . 69-0 

265.  790 

290.420 

0.430 

161  .;j90 

116.540 

44.030 

95.090 

235.690 

269.310 

214.140 

0.4/5 

135.000 

133.140 

49.150 

110.630 

2/4.030 

147.960 

30.59.0 

0.500 

200.600 

1 56.040 

34.679 

117.270 

262  . 660 

33.  3 fO 

130.210 

0.525 

204.900 

167.920 

61 . 660 

124.590 

1 97.390 

96 . 550 

176.870 

0.  550 

196. j 90 

1 71.440 

72.690 

131 .720 

1 26 . 550 

136.640 

161 .260 

0.5/5 

175.650 

163. 190 

67.900 

129. 150 

73.400 

1 43.090 

1 49.360 

0.600 

144.100 

149.130 

100.210 

112.560 

54.020 

122.570 

98.190 

0.625 

1 06.690 

124.750 

102.760 

93.170 

53.630 

33.650 

44.810 

0.630 

69.350 

95.470 

96.720 

75.070 

61 .210 

56.900 

43.029 

0.6/5 

40.110 

66.960 

66. 550 

6 l . YoO 

■65.230 

25.300 

75.010 

0.700 

25.170 

45.770 

77.610 

51.5/0 

63.430 

61 .120 

90. 1 50 

0.760 

15.030 

30. 1 30 

63.4  70 

37.260 

44.400 

90.300 

64.060 

0.600 

10.490 

17.110 

61 .730 

27.760 

27.050 

59.570 

33.940 

0.650 

25.470 

7.520 

57.940 

21.160 

43.200 

29. 380 

13.160 

0.900 

25.120 

25.100 

53.560 

16.520 

54.640 

15.580 

36.560 

0.950 

17.310 

29.790 

42.650 

13.0o0 

46.0o0 

24.760 

33.310 

1 .000 

6.410 

21.200 

23.260 

10.430 

24.750 

30.190 

14.439 

1 .050 

3.540 

3.270 

16.120 

0.430 

7.400 

1 1.510 

9.440 

1.100 

3.350 

5.  570 

9.  130 

6.930 

7.450 

1.950 

15.200 

1.200 

1 .430 

5.010 

6.330 

4.640 

3.790 

6.650 

3.490 

1.300 

1.540 

2.130 

1 .630 

3.240 

1 .960 

2.250 

1.890 

1 .400 

1 .470 

0.730 

2.7/0 

2.030 

3.4dO 

2. 1 JO 

2.340 

1.500 

2.440 

0.350 

1 .020 

1.310 

1 .540 

4.770 

2.670 

1.600 

4.540 

0.510 

0.560 

0.810 

1.310 

3.110 

1.270 

1.700 

6.470 

0.920 

0.2/0 

0.460 

1 .o/.o 

0.560 

1 .400 

1.350 

9.390 

1 . 640 

0.060 

0.200 

1 • 040. 

0.  660 

2.250 

B-21 

mi  I or  i B I U U • mu  BUB  I 





TABLE  B-22 


UNIVERSE  IRELAND-FULL  (MEAN  DRAFT  81.70  FT.) 

15.0  KNOTS 

VERTICAL  SHEAR  FORCE  RESPONSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCORES  SHIP  MOTION  PROGRAM 
(TONS/FT) 


AiiJLH 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

1 MO.  0 

rt*  HHO  . 

0.200 

7.390 

6.010 

9.530 

12.060 

16.06) 

2 1 . 500 

24.360 

0.250 

7.010 

9.570 

13.940 

19.380 

29.040 

44.350 

53.510 

0.300 

II .620 

9.750 

•10.060 

29. 160 

51.120 

90.240 

110.960 

0.325 

20. 720 

12.700 

19.770 

35. 350 

55. 140 

126. 600 

1 50.353 

0.350 

35.020 

20.440 

21.140 

42.6  JO 

9 1 . 950 

1 77.250 

213.420 

i>.  375 

54.  no 

32.600 

22.140 

51 . 550 

126.540 

250. 140 

302.790 

0.400 

77.310 

48.690 

22.820 

62. 7jO 

173.2/0 

333.250 

362.430 

C.425 

1 03 . J 00 

67.690 

23.430 

76.  770 

245.450 

3-17.710 

287.163 

0.450 

1 29 . 990 

09.090 

24.370 

93.290 

303.970 

217.120 

98.763 

0.475 

154.610 

110.660 

26.570 

100.120 

32 1 . 650 

58. 330 

92.093 

0.500 

174.060 

130.610 

29.770 

1 10.420 

253.370 

62.690 

1 57.320 

0.  523 

135.320 

146.740 

34.440 

126.730 

163.730 

1 1 9.630 

162.633 

0.  550 

1 36 . 040 

156.030 

40.610 

135.200 

95.100 

1 43. 1 20 

1 70.310 

0.5/5 

1 73. 220 

159.230 

48.090 

1 33.  530 

56.790 

137.910 

129.360 

.0.600 

1 53.570 

153.000 

56.243 

115.990 

43.390 

106.960 

73.550 

0.623 

124.310 

136.680 

63.550 

95.410 

51.490 

64.570 

31 .210 

Q.  550 

92.090 

11  7.630 

63.00 0 

76.550 

60. 660 

16.280 

60.690 

0.575 

63 . '540 

92.820 

68.610 

62.610 

64.790 

43.260 

91 .600 

0.700 

45.300 

60.190 

66.860 

52.340 

62.01 0 

79.900 

09.550 

X).  750 

34.670 

36.400 

66.300 

37.960 

40.140 

93.130 

58.830 

£.300 

24.950 

27.050 

74.713 

23.540 

29.910 

55.360 

30.650 

0.650 

31.170 

15.290 

72.020 

22.120 

53.070 

25.410 

17.330 

0.900 

33.930 

16.760 

53.160 

17.600 

63.540 

13.990 

43.020 

0.950 

27.010 

21.800 

40.860 

14.240 

50.830 

29.890 

39.530 

1 . 000 

17.  J60 

16.180 

27.570 

11  .690 

24.530 

32.200 

11 .450 

1 . 050 

17.600 

9.340 

17.970 

9.650 

6.820 

9.150 

10.020 

1.100 

21.750 

4.070 

10.540 

8.000 

9.640 

0.560 

16.730 

1.200 

17.630 

6.170 

7.680 

5.440 

5.390 

6.390 

4.330 

1.300 

12. 710 

3.120 

2.620 

3.790 

3.220 

3.510 

5.170 

1.400 

6.990 

3.940 

2.530 

2.410 

4.4b0 

8.180 

4. 640 

1.500 

4.150 

4.080 

0.520 

1 .600 

2.430 

1 .100 

1.770 

1.600 

2.110 

5.960 

0.230 

1 .050 

2 . 240 

0.860 

1.163 

1.700 

1.150 

2.530 

0.460 

0.  630 

4.150 

0.640 

1 .503 

1.650 

1 .320 

0.450 

0.270 

0.320 

0.260 

0.710 

2.200 
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UNIVERSE  IRELAND-BALiAST  (MEAN  DRAFT  39.59  FT.) 


! 


10.0  KNOTS 


VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT-TONS/FT) 


ANGL£ 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

130.0 

r uLU  • 
0.200 

11834.5 

3630.4 

206 7.1 

1 429.9 

1310.3 

8219.6 

11393.1 

0.25-0 

27655. 5 

20628.2 

5364.9 

2235.4 

5378.7 

20054.7 

.271  33.4 

0.300 

52163.5 

39739.4 

1242 1 . 1 

3274.7 

11919.7 

39636.0 

52327.3 

0.325 

67190.6 

51 965.7 

16903.7 

3900.5 

16590.0 

52416.3 

55  1 56 . 4 

0.350 

83270.3 

o5490. 6 

22222.6 

4395.7 

22315.5 

66879.3 

55394 • 7 

0.375 

99426 . 3 

79tf 1 c . 6 

26343. 7 

5353. 2 

291  44.5 

32411 .5 

1 ) 25 7 7. 8 

0.400 

114374.1 

94150.5 

35161.6 

o223.7 

37059.4. 

90 1 1 1 . 9 

1 1 9030.6 

0.425 

126570.7 

107422.2 

42604 . 5 

7 1 65.4 

46930.  6 

1 1 2708. 8 

1 ->2025.1 

0.450 

134363.0 

1 1 8498. 3 

50413.9 

3202.9 

55718.0 

124667.6 

150544.6 

0.47  5 

136341 .6 

126169.3 

58334.3 

9355.4 

65937.3 

132005.0 

1 30187.7 

0.500 

1 31 47-r.4 

129306.5 

66050.4 

1 0643.2 

76311.2 

1 32634. 1 

12  90/2.7 

0.525 

II  9430. 5 

127023.3 

73206.9 

12097.6 

35319.2 

124  804.6 

108553.8 

0.  550 

100346.0 

11  8.77.0 

79432.2 

13605. 1 

93452.7 

107913. 1 

7 9340.8 

0.575 

77500.9 

103103.0 

84346. 1 

13342.7 

93211 .9 

83084.5 

46036.3 

0.600 

52574.0 

36704.6 

3763  ).  9 

17207.9 

93315.0 

54124.2 

15141.6 

0.625 

31416.5 

65569.0 

39045.3 

19579.3 

94620.0 

25744. 5 

9327.2 

0.650 

23314.9 

44675.3 

3351 6.0 

2 1 435.9 

65922.4 

6149.0 

24355.7 

0.6  75 

2789j. 7 

23833.5 

35939.7 

23  035.4 

74134.7 

19331 . 1 

27730. 9 

0.  10  i 

31035.2 

24262.2 

3 1 436.5 

241 31.9 

59999.2 

23171 .2 

1 9390.0 

0.750 

13605.6 

29654.9 

67565.0 

24373.2 

2 3676.6 

18267.6 

1 2072.8 

0 . 000 

9429.9 

19285.3 

49357.7 

23600.5 

16/54.2 

I 1 796. 1 

26770.7 

0.850 

19045.6 

3«43.7 

31 746. 4 

224  39.7 

29454.9 

25653.8 

6327.2 

0.900 

1 285J.2 

17304.8 

21679.9 

19035.8 

29606.7 

3344.3 

21603.8 

0.950 

10334.7 

13502.1 

20743.4 

16661.2 

14993.9 

1 7794.4 

12780.3 

1 . 000 

5125.0 

1 0068.6 

1 8330.3 

13156.5 

4494.5 

15279.4 

10787.0 

1 .050 

3542.3 

7871.5 

1 08a4. 1 

10023.5 

14437.0 

5326.9 

7565.2 

1 . 100 

4604. 1 

2139.1 

7049.0 

7505.2 

1 II 1 0. 1 

11057.7 

9893.1 

1.200 

2636.7 

23  55.4 

8968.3 

4929.1 

8930.2 

3136. 1 

6036 . 6 

1 .300 

1 555. 9 

2102.0 

6376.9 

3079.0 

3120.3 

4426.7 

3503. 7 

1 .400 

3572.6 

3031 .6 

3759.5 

1854.1 

3159.6 

662.0 

1961.5 

1.500 

853  7. 3 

2558.4 

3570.8 

3022.6 

3945.5 

2323. 1 

2334.5 

1.600 

7606.9 

1647. 1 

3263.2 

6092.4 

3117.0 

2909.0 

5541 .6 

1 .70o 

3474.0 

42/2.6 

3101.3 

4036.9 

1390.0 

• 353.0 

9430. 4 

1 .350 

10007. 7 

8930. 3 

616.0 

943.  5 

1959.5 

2442.3 

•3 1 044 . 7 
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TABLE  B-24 


m 


UNIVERSE  IRELAND-BALLAST  (MEAN  DRAFT  39.59  FT.) 
15.0  KNOT. 


VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT-TONS/FT) 


AjJLE 

. t-  • ry 

0.0 

30.0 

60.0 

90.0 

120.0 

150.0 

1 60. 0 

r •iiVut  • 
0.200 

10770.1 

7675. 1 

1 914.:) 

1 375. 9 

1554. 1 

7423.4 

1 0560. 

0.250 

25427.5 

1 9043.6 

54  96.  1 

21 51 .3 

4576.3 

16620. » 

2531 6. 

0.300 

43264. 1 

37009.0 

11760.9 

31  77.1 

11178.0 

37776.5 

5 0j9*5. 

0.325 

62347.5 

46475.9 

1 60o3. 6 

3812.  1 

15793.3 

50644. 5 

66149. 

0. 350 

77430.7 

61252.4 

21190.9 

^533.4 

21553.6 

05526.5 

84027. 

I).  373 

92615.9 

74325.9 

27130.5 

5353. 2 

28531 .0 

31 973. 1 

1027/3. 

0.400 

106691  .4 

6o469.3 

33805.0 

6234.3 

37003. 5 

99171  .6 

120656. 

0.425 

113232.7 

101256.3 

41099.7 

7337.7 

46704.6 

115014.6 

136161 . 

0.  4oO 

125731 .3 

1 12096.0 

48350.5 

0525.5 

’3/595.6. 

1 30062. 1 

145334.- 

0.475 

12/601.3 

1 19312.0 

56833. 0 

93  31 .6 

69496.7 

138717.2 

1 44759.! 

0.500 

123399.5 

123247.6 

64/57.5 

1 1415.2 

31522.5 

136531 . 1 

131131  .( 

0.525 

112160.3 

121 610.5 

72266.4 

131 59.0 

92507. 1 

1 26905. 9 

1 J«*.  635,  C 

0.550 

94610.6 

114135.2 

79065.  i 

14942.9 

101157.0 

104066.9 

70529.  { 

0.575 

72412.5 

101232.3 

64727.2 

1692o.  1 

103414.0 

74921 .7 

35933. i 

0.500 

46611. 2 

656 55.3 

36912.0 

1 69  32.6 

103690.1 

46413.0 

3711  .f 

-0.  625 

26660.4 

63143. 1 

91297.1 

21390.1 

96434.3 

13463.4 

1 9780. S 

C.  550 

2267-U4 

42675.4 

91627.0 

23103.7 

84/61 .5 

12623.6 

31 009. 1 

0.6/5 

2677/. 7 

26976.5 

59748. 1 

24249.0 

69196.9 

28213.0 

30001  .9 

0.  700 

32712.3 

23466. 9 

35629.5 

247-30.3 

52241 .6 

33946.4 

17501.1 

0. 75  J 

21 102.7 

31052.8 

71256.3 

24309.0 

1 9/46.4 

14591.6 

1 9537.6 

0.300 

3154.7 

20o46.2 

51463.6 

22337.3 

23910.2 

19592.6 

29619. C 

0.350 

1 642 J. 2 

2669.3 

31940.6 

21120.4 

37/67.1 

29429.5 

3920.8 

0.900 

13976.9 

15571 .9 

21924.6 

18633.5 

32902.4 

3453.8 

26o72.8 

0.950 

1 096j.2 

1 2665. 9 

21673.2 

15513.3 

13336.3 

22330.6 

12406.0 

1.000 

9466.5 

6990.5 

18399.3 

12127.6 

8929.8 

17201.8 

1 3644.1 

1 .OoO 

7 606.6 

6773.9 

1 0546. 9 

9091 .9 

1 36  1 1 . 3 

3257.1 

7797.2 

1.100 

11057.3 

11241 .7 

7565.3 

6707.2 

12202.4 

12176.6 

1 1134.2 

1.200 

11126.6 

10  77.6 

6905.  1 

4454.3 

1 1 562.3 

3326. 7 

6935.6 

1.300 

11209.3 

8502 .0 

7546.4 

2749.6 

4459.7 

4933.2 

3791.0 

1.400 

11305.6 

7215.0 

4u74. 9 

1 533.8 

3400.0 

974.3 

10  95.9 

1.500 

10150.4 

5719.4 

3926.5 

4990.6 

4613.9 

2362.9 

2353.4 

1.600 

4005.1 

4015.3 

41 44.7 

6105.  5 

3639.9 

3149.1 

=2/3.0 

1.700 

4924.2 

j*»64 . 1 

4105.9 

4071 .7 

2121.2 

733.5 

«?o  17.3 

1 .650 

41176.5 

7364.5 

2316.2 

1243.3 

2291 .6 

2331 .a 

49037.2 
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TABLE  B-25 


UNIVERSE  IRELAND-FULL  (MEAN  DRAFT  81.70  FT) 

10.0  KNOTS 

VERTICAL  BENDING  MOMENT  DrSP0NSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCOKcS  SHIP  MOTION  PROGRAM 
(FT-TONS/FT) 


AfkiLE 

0.0 

3'J.C 

60.0 

90.0 

120.0 

150.0 

1 80.0 

fiEG. 

0.200 

1 739 j. 9 

1 3672.0 

6092.3 

2373.9 

6421.7 

14222.2 

1 3u46 . 2 

0.250 

37267.0 

293 70. 5 

12800.3 

441 9.5 

13122.8 

29761 .0 

37700.0 

O.JOO 

653J5.2 

522o5.o 

23173.1 

7801 .9 

23341 .3 

51  495. 5 

6409  /.  6 

0.325 

81  11  0.0 

656o5.5 

29778.9 

10327.2 

29373.5 

63420.  1 

77611 .0 

0.350 

96471  .5 

793 • 7 

37226.  / 

l3725.o 

3/473.7 

7481 5. 1 

39351 . 5 

0.375 

109934. 3 

92402.7 

4532 1 . 5 

13457.6 

46  357.7 

84335. 9 

93343.0 

'0.  400 

119302.3 

1 03-r5o.  1 

53764.1 

25336.3 

57,213.2 

91343.3 

100265.5 

0.425 

124425.3 

111203.9 

62 154.6 

33659.3 

68932.4 

74936.0 

74276.0 

0.450 

122490.2 

114367.1 

69327.3 

50704.9 

69417.5 

3 JO  10.3 

67719.7 

0.475 

113345.3 

111937.3 

75939.7 

63793.5 

51432.5 

71877. 1 

102435.5 

0.500 

97313.6 

1 03647.8 

79221 .1 

79637.3 

35535.0 

96513.3 

102122.6 

0.  52:i 

75534. 7 

09716.6 

76073.4 

6 0562.8 

43291.4 

9J723.3 

79069.5 

0.  5dO 

51 433.6 

71 445.9 

71828.  / 

7932 1 . 9 

59111.8 

71 441 .2 

•32436.2 

0. 575 

2 7761 .5 

51 026. 7 

64626. 1 

75456.5 

60933.3 

49040.0 

34049.6 

0. 500 

1072 /.0 

31474.8 

62923.9 

67070.9 

67264.3 

32023.8 

33010.2 

,0.625 

13721 .1 

16704. S 

64058.0 

5 7775.6 

4951 7.2 

29294.6 

373/3.4 

0.650 

19754.5 

12894.8 

61675.3 

43777.7 

39014.9 

34  225.9 

3 5 3 10.8 

0.675 

1 9917.5 

16577.0 

55779. 3 

42035.2 

275/8.4 

35567.2 

27540. 7 

0.700 

15315.4 

19645.3 

468 17.6 

35596.8 

16632.6 

31 264.3 

13211  .0 

.0. 750 

6373. 7 

15903.7 

37162.7 

27470.6 

14843.0 

14726.2 

21040.5 

0. 300 

12176.5 

9347.5 

29617.7 

206  22.6 

245/4.1 

1 7983.6 

13176.7 

0.350 

8022.3 

1 2954.0 

23652.9 

15024.5 

23690.2 

1 1 445.2 

9002.9 

0.900 

6439.3 

9223.3 

17521  .4 

1 06  46 . 6 

1 4265.3 

6 1 24. o 

1 1518.9 

0.950 

3783.6 

0095.5 

12055.9 

71 50.3 

5235.  •' 

9666.3 

2125.4 

1.000 

3053. 1 

5945.9 

8330.3 

4576.4 

6854.2 

1914.2 

3541.3 

1 .050 

2743.1 

4158.5 

5766.4 

2753.2 

5075. 1 

3410.5 

2329.5 

1.100 

1991 .4 

3830.5 

4405 . 5 

1614.4 

1618.4 

1005.9 

1233.2 

1.200 

1351 .9 

2063. 5 

2535.2 

717.4 

2321.0 

1235.2 

1 785.8 

1.300 

723.4 

1142.1 

1767.0 

867.2 

2121.0 

1649.2 

1476.2 

1.400 

669.  3 

463.  7 

933.6 

91  9.0 

1127.9 

1025.5 

853.4 

1.500 

II 60.1 

161.1 

451.2 

737.7 

702.4 

2063.7 

1653.1 

1.600 

1597.2 

237.9 

211.0 

503.7 

524.0 

1 494.3 

1100.0 

1.700 

3459.3 

505.4 

65.4 

252.5 

430.0 

191 .3 

2 44 . 7 

1 .350 

6752.3 

796.8 

42.5 

86.3 

492.6 

291.5 

609.3 
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TABLE  B-26 


UNIVERSE  IRELAND-FULL  (MEAN  DRAFT  81.70  FT.) 

15.0  KNOTS 

VERTICAL  BENDING  MOMENT  RESPONSE  OPERATORS  AT  AMIDSHIP 
CALCULATED  FROM  SCORES  SHIP  MOTION  PROGRAM 
(FT-TONS/FT) 


Ai.’oL 

,E  0.0 

30.0 

60.0 

vil'  i • 

G.2JJ 

160  7/. 9 

1 2692.5 

5611.1 

0.250 

34620.9 

27395.0 

12211.4 

0.300 

60945.2 

46904.0 

22072. 1 

0 .325 

75759. 9 

61  '>05.3 

26315.9 

0.330 

90329.0 

74439. 5 

33316.4 

0.3/5 

10330/.  7 

66944.4 

42661.7 

U • •*  0 J 

113194.7 

97/74.2 

*5071  7.6 

0.425 

114510.5 

105794. 1 

5a439 . 3 

0.450 

1 16039.9 

1 09904.5 

6 556 1 . 3 

0.4/5 

111094.2 

109239.5 

71 54o.O 

0.  .ioJ 

9 Z7/2.3 

103342.0 

75566.6 

u . 52  5 

79035.7 

92324.4 

7735*3.3 

0.  340 

56970.4 

76926 . 6 

75914.7 

0. 5/5 

34221 .6 

5o570.5 

7 1 209. 9 

0.500 

1 4o6 j. 9 

39246.0 

636/ J.  1 

0.525 

10  552.3 

2 1 3d3. 7 

55956. 9 

0.530 

1 7o l o . 6 

1 0624.6 

49695.  / 

U.o75 

20421 . 1 

1 3103. 1 

457,  ..  1 

0. 70  J 

1 72ul  .3 

1 7464.  / 

41527.0 

0.750 

324/.  4 

1 4395.6 

30U55. 0 

0.300 

952 J. 0 

409J.3 

22370.6 

O.JjD 

/35I .2 

6260.1 

21326. 1 

0.900 

394/.  4 

6641 .3 

1 6391.9 

0.  950 

2914.2 

3597.2 

13950.9 

1 . 000 

1035.3 

3467.9 

92fc6.o 

1 . 050 

3551 . 5 

1 1 99.6 

66d1 . 3 

; . i oo 

l 55o.2 

2190.6 

56;  2.9 

1.200 

1993.7 

1431.3 

2655.2 

1.300 

2520.5 

2039.6 

IS93.6 

1 . 400 

31  3J.fi 

2165.9 

924.  1 

1 .500 

1 904.6 

2512.6 

313.6 

1.500 

652.3 

2430. 1 

13.1.9 

1 . 700 

905 . 4 

1 2 9 o . o 

2*.  1 . 7 

1 . 3:3  ) 

b/4.2 

339.9 

1 77.0 

90.0 

120.0 

150.0 

1 >50.0 

2532.3 

6 46 5.5 

1 3924. 4 

1 7571 

4555.4 

13211.7 

291 33. 1 

366  93 

3262 . 0 

23866. 8 

5038J.7 

■>2121 

1 09 35.5 

3 363*1.7 

62356. 3 

75479 

146  34.9 

39302.2 

7 6521.4 

900 1 4 

19.395.2 

5 3136.2 

39437.0 

6 9571 

2 7635.7 

63229.0 

/5  III . 7 

62  663 

391 /9. 7 

74523.5 

21 143.9 

61752 

5*391  -3.  1 

614/1.5 

/ 8653.  / 

1 1 3690 

73245.2 

45/27.4 

107734.9 

1 1 5734 

56531 . 1 

54  760.  *3 

103544.8 

95064, 

ti/o  J 7.  4 

o5  9 

05 469. 5 

67117, 

06969. 6 

63375.5 

6 1 496.8 

42075. 

79692.0 

63077.3 

39537.0 

32426. 

692 50.  / 

57,136 . 0 

29061 .6 

37o04. 

65596. 1 

4/645.0 

33706.0 

40933. 

4 >792.6 

38221 . 1 

39319.5 

35754 . 

4 1 6 / / . 6 

222o  s.4 

3 <41  i. 6 

7 "2  59. 

3606 . 0 

1 2295.2 

30 "56 . o 

1 >648 . 

26539.3 

231  44.4 

1 3164. 8 

23999. 

2001 5. 3 

29613.2 

2062  J.  1 

1 lo 77. 

144/0.3 

26170.7 

1 0557.  8 

1 1460. 

101  55.6 

14)43.5 

8 153.0 

1 1696. 

6731 . 1 

5 356.2 

1 0360. 4 

2314. 

4211.3 

7912.2 

1196.4 

3313. 

24*53.9 

5359. 1 

3831 .7 

32  JS.i 

1 11  9. 1 

21  11 . 1 

1 h 00.  9 

791  .. 

631.3 

3023.9 

1872. 1 

2254.’ 

1003.7 

2736.0 

2262.3 

3123.*. 

1016.3 

1606.2 

3746.2 

2336. < 

864.3 

1 371 .4 

693.9 

1012.4 

575.7 

’916,9 

456. 8 

874.  i 

325.6 

1 393.0 

224.0 

237.  Z 

1 35.2 

146.4 

339.2 

792.3 
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DATA  BASES : FULL-SCALE  STRESS  OBSERVATIONS 


Introduction 

The  available  full-scale  observations  on  the  three  ships  of  interest 
in  the  current  work  were  all  gathered  by  Teledyne  Materials  Research.  The 
basic  techniques  used  were  the  same,  as  were  the  recordings  and,  to  a great 
extent,  the  initial  data-reduction  procedures.  The  stress  data  examined 
under  the  present  project  were  confined  to  a response  termed  "Midship 
Longitudinal  Vertical  Bending  Stress".  This  response  is  effectively  the 
average  of  port  and  starboard  deck  edge  stresses;  that  is,  the  deck  stress 
response  due  only  to  body-vertical  bending  loads  near  midship  (Ref  .7). 

The  extent  of  the  available  data  base  varies  from  ship  to  ship.  In 
addition,  the  extent  to  which  these  data  were  examined  also  varies.  It  is 
accordingly  the  objective  of  this  appendix  to  document  that  which  was  avail- 
able in  each  case  as  well  as  the  way  in  which  the  data  were  partitioned  for 
various  special  analyses. 

Data  Base  for  the  UNIVERSE  IRELAND 

The  data  collection  effort  for  the  UNIVERSE  IRELAND  is  summarized  in 
Ref  .7.  Briefly,  the  ship  was  instrumented  from  July  1968  through  December 
1970,  during  which  time  the  ship  made  eleven  voyages  (6A8  days  at  sea).  The 
ship's  trade  route  during  this  time  was  between  Europe  and  the  Persian  Gulf 
via  the  Cape  of  Good  Hope.  Some  2700  30-minute  stress  records  were  obtained 
by  the  automatic  data-acqu i s i t ion  system  which  was  set  primarily  to  record 
one  record  per  four-hour  watch.  About  1900  of  these  records  pertain  to  mid- 
ship longitudinal  bending  stress.  Since  there  were  almost  3900  sea-watches 
in  the  data-taking  period,  the  data  base  for  longitudinal  bending  stresses 
of  the  UNIVERSE  IRELAND  corresponds  roughly  to  a sample  of  conditions  in 
half  the  sea-watches  naturally  occurring  over  a 2-1/2  year  period. 

The  basic  data  reduction  was  carried  out  by  Teledyne  Materials  Research 
according  to  the  methods  described  in  Ref.  16.  Most  of  the  results  of  tills 
reduction  process  were  analyzed  and  reported  in  Ref, 7.  Among  those  results 
are  the  statistics  of  wave-induced  stresses  and  most  of  the  information  on 
the  mean  stress  levels.  Much  less  reporting  was  made  on  the  magnitude  of 
vibratory  stresses. 

The  data  base  for  this  ship  involves,  for  each  record: 

1)  A summary  of  log-book  information 

2)  Mean  stress  level  relative  to  stress  at  the  start  of  the 
analog  recording  tape 

3)  Number  of  cycles  of  wave-induced  stress 
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4)  The  maximum  peak-to-trough  wave-induced  stress 

5)  The  root- mean- square  of  the  peak-to-trough  wave- induced 
stresses 

6)  The  number  of  "bursts"  (see  Appendix  C-2) 

7)  The  maximum  double  amplitude  of  vibration,  or  maximum 
"burst". 

8)  A 12000  point  time  series  representing  the  actual  time 
history  of  stress  for  20  minutes. 

This  information  is  contained  on  two  varieties  of  digital  magnetic  tape  re- 
tained at  Teledyne  Materials  Research:  a "Library"  tape  containing  all  the 
information  noted  above,  and  a "Summary"  tape  containing  everything  except 
the  time  series  (item  8). 

Only  the  summary  data  for  the  UNIVERSE  IRELAND  were  examined  in  the 
present  project.  Teledyne  Materials  Research  furnished  listings  of  the 
summary  tape  for  this  purpose,  and  carried  out  a parametric  correlation  of 
the  maximum  "burst"  stresses  as  well. 


Data  Base  for  the  FOTINI-L 

The  data-col lect ion  effort  for  the  FOTINI-L  is  also  summarized  in 
Ref  >7.  Briefly,  the  ship  was  instrumented  from  September  1967  through 
November  1970,  during  which  time  the  ship  made  17-1/2  voyages  (834  days  at 
sea).  The  ship's  trade  route  at  the  time  was  between  West  Coast  USA,  Peru 
and  Japan.  Some  2800  30-minute  stress  records  were  obtained  by  the  automa- 
tic data-acqui s i t ion  system  which  was  set  primarily  to  record  one  record  per 
4-hour  watch.  About  1550  of  these  records  pertain  to  midship  longitudinal 
bending  stress.  Since  there  were  about  5000  sea-watches  in  the  data-taking 
period,  the  data  base  for  longitudinal  bending  stresses  of  the  FOTINI-L 
corresponds  roughly  to  a sample  of  conditions  in  about  1/3  of  the  sea- 
wafthes  naturally  occurring  over  a nearly  3-year  period. 

As  with  the  UNIVERSE  IRELAND,  the  basic  data  reduction  was  carried 
out  by  Teledyne  Materials  Research  according  to  methods  described  in  Ref. 16 
and  most  of  the  results  of  this  reduction  were  reported  in  Ref  7-  The 
details  of  the  data  for  FOTINI-L  are  the  same  as  those  noted  previously  for 
UNIVERSE  IRELAND. 

In  the  present  project  the  FOTINI-L  data  were  examined  at  two  levels 
of  detail.  The  first  level  of  detail  involved  only  the  summary  data.  As  in 
the  case  of  the  UNIVERSE  IRELAND,  Teledyne  Materials  Research  furnished 
listings  of  the  summary  tape  and  carried  out  a parametric  correlation  of  the 
maximum  "burst"  stresses  observed  in  the  1550  vertical  longitudinal  bending 
stress  records.  At  a later  stage  in  the  present  project  the  same  summary 
data  were  obtained  on  punched  cards  by  the  Investigators  so  that  correlations 
alternate  to  those  by  Teledyne  could  be  carried  out. 
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The  second  level  of  detail  in  the  present  examination  of  FOTINI-L  data 
involved  analyses  of  some  digital  time  series  representing  the  observed  mid- 
ship longitudinal  bending  stresses.  The  selection  of  the  actual  sub-set  of 
data  to  be  considered  was  made  largely  on  the  basis  of  the  prevalence  of  high- 
vibratory  response  since  some  quite  surprisingly  high  magnitudes  are  quoted 
for  FOTINI-L  in  Ref  ,7. 

All  data  for  midship  longitudinal  bending  stress  for  FOTINI-L  are  con- 
tained in  three  digital  tapes  as  follows:  (the  "B"  and  "L"  suffixes  in 
voyage  numbers  indicate  "ballast"  and  "loaded",  respectively): 


Tape  Number 


Voyage  Numbers 


Number  of  Intervals 


FOTNOI 

2B 

18 

a 

135 

9L 

35 

2L 

139 

4B 

56 

3L 

132 

F0TN02 

1L 

17 

4L 

80 

14B 

no 

3B 

103 

10B 

88 

5L 

87 

9B 

101 

F0TNO3 

6B 

128 

7B 

68 

8B 

119 

14L 

67 

5B 

68 

A scan  of  the  summary  listing 

indicated 

that  the  third  tape  (F0TN03)  con- 

tained  the  most  evidence  of  vibratory  response  which  was  unusually  large 
with  respect  to  wave-induced  response,  and  a copy  of  this  tape  was  obtained 
from  Teledyne  Materials  Research.  As  may  be  noted,  four  voyage  legs  In 
ballast  and  one  In  loaded  condition  are  Involved.  There  are  a total  of  *»50 
records  in  the  tape.  One  record  was  found  to  be  short  and  was  discarded  so 
the  total  for  present  purposes  was  4^9 . 

For  purposes  of  the  present  analysts  a sub-set  of  168  records  was 
chosen  so  that  all  records  with  significant  vibration  were  Included  (95 
records  out  of  M9) , the  remaining  intervals  were  chosen  so  that  the  inci- 
dence of  Beaufort  wind  strength  and  heading  angles  contained  in  the  sub-set 
would  resemble  the  corresponding  incidences  in  the  entire  data  base.  The 
extent  to  which  this  was  possible  is  indicated  in  Figures  C-l  and  C-2. 

The  percentages  quoted  are  of  the  total  number  of  records  where  Beaufort 
wind  or  heading  was  given.  In  the  entire  data  base  only  5%  of  records  have 
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no  Beaufort  wind  noted,  while  46%  of  the  records  have  no  heading  noted.  The 
168  record  data  sub-set  may  be  seen  to  be  somewhat  biased  toward  the  higher 
wind  strengths  and  thus  presumably  toward  more  severe  wave  conditions. 

Ship  speed  in  the  intervals  represented  in  the  library  tape  and  the 
data  sub-set  were  typically  between  1 ^4 . 5 and  16  knots  with  extreme  variations 
of  13*5  to  16. 9 knots.  Only  one  case  of  zero  speed  was  noted  in  the  summary. 
However  the  other  log  book  entries  imply  that  it  could  have  been  zero.  All 
told  there  are  only  7 records  in  the  entire  1550  record  data  base  where 
speeds  were  quoted  at  less  than  10  knots. 

Data  Base  for  the  SL~7 

The  data-col lection  effort  for  the  SL- 7 class  containership  SEA-LAND 
McLEAN  is  summarized  in  References  2,3,25  and  26.  Briefly,  data  were  acquired 
during  three  winter  seasonswhile  the  ship  was  in  service  between  East  Coast  U.S.A. 
and  Europe.  The  instrumentation  was  attended  in  each  season.  Table  C-l 
indicates  the  inclusive  dates,  number  of  voyages  and  the  number  of  records  of 
midship  longitudinal  bending  stress  reduced  by  Teledyne  Materials  Research 
according  to  the  methods  of  Ref.  16. 

In-so-far  as  sampling  is  concerned  there  are  two  significant  differences 
between  the  SL-7  data  gathering  effort  and  that  for  the  other  ships.  Owing  to 
the  enormous  burden  of  instrumentation  in  the  SL-7  program  four  records  of 
bending  stress  per  watch  were  obtained  instead  of  one.  Thus  the  5000  odd  records 
noted  in  Table  C-l  correspond  to  about  1200  watches.  In  the  terms  noted  for 
the  other  ships,  the  SL-7  data  base  involves  a sample  of  conditions  in  about 
2/3  of  the  sea-watches  occuring  in  270  or  280  days  exposure  to  winter  North 
Atlantic  weather. 

This  last  interpretation  suggests  the  second  significant  differences 
between  the  SL-7  data  base  and  that  of  the  other  ships.  It  is  that  the 
data  base  must  be  taken  as  being  biased  toward  severe  conditions,  rather 
than  being  representative  of  conditions  experienced  in  normal  year-round 
operation  (as  is  the  case  for  the  other  ships). 

The  SL-7  data  base  was  also  examined  at  two  levelsof  detail.  As 
for  the  F0TINI-L,  the  first  level  of  detail  involved  only  the  summary  data. 

Because  the  third-season  data  had  not  been  reduced  at  the  outset  of  the 
project,  the  initial  examinations  of  the  Teledyne  summary  data  were  carried 
out  only  for  the  first  and  second -season  data  (about  4200  records).  Listings 
and  parametric  correlations  were  carried  out  by  Teledyne  Materials  Research. 

At  a later  stage  in  the  present  project  the  summary  data  for  first  and 
second  season  were  transmitted  to  the  present  investigators  via  punched  cards, 
and  the  third  season  data  by  magnetic  tape  so  that  in  the  end  all  the 
Teledyne  data  base  was  available  for  alternate  correlations. 

As  in  the  case  of  F0TINI-L,  it  was  desired  to  make  some  analyses  of 
selected  time  histories  of  midship  longitudinal  bending  stress.  The  selection 
of  the  actual  sub-set  of  records  for  the  present  work  was  made  on  the  entirely 
practical  grounds  that  at  the  time  the  analysis  was  initiated, 
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a 198  record  sub-set  from  the  second-season  records  was  immediately  available 
for  direct  computer  access  as  a by-product  of  the  work  reported  in  Refs  27 
through  32.  These  1 98  digital  time  histories  of  stress  were  produced  at 
Davidson  Laboratory  according  to  procedures  generally  similar  to  those  in  use 
by  Teledyne.  Details  of  the  procedures  are  to  be  found  in  Ref  27. 

The  selection  of  particular  records  for  analysis  in  Ref  27  was  based 
almost  entirely  on  requirements  in  that  work  for  reducing  other  data.  The 
net  result  of  the  selection  procedure  was  198  digitized  records  from  nine- 
voyage  legs  during  the  period  30  December  1973  to  3 March  1974.  For  this 
period,  roughly  one  record  per  watch  was  digitized.  Records  at  beginning 
and  end  of  voyage  legs  and  those  in  which  electronic  malfunction  was  sus- 
pected were  discarded.  The  198  intervals  finally  resulting  co-respond  to 
75$  of  all  sea-watches  during  the  nine-voyage  legs  (about  85$  of  all  watches 
where  the  ship  was  apparently  not  in  protected  waters).  The  data  sub-set 
corresponds  to  approximately  33  24-hour  days  at  sea.  In  reviewing  the  stress 
data  it  was  noted  that  the  stress-time  series  for  one  of  the  1 98  records 
contained  some  sort  of  electronic  malfunction  and  actual  analyses  of  stress 
from  this  interval  were  excluded. 

It  is  appropriate  to  consider  the  extent  to  which  the  data  sub-set 
is  representative  of  the  entire  data  base.  Figure  C-3  is  a comparison  of 
the  incidence  of  various  Beaufort  winds  in  the  sub-set  with  the  incidence 
in  the  entire  (three-season  1200  watch)  data  base.  It  is  apparent  that  the 
sub-set  is  more  conservatively  biased  than  the  data  base  (more  Beauforts  8 
to  10  and  fewer  Beauforts  3 through  6).  The  sub-set  is  thought  to  more 
closely  resemble  the  second-season  data  since  milder  weather  conditions  were 
apparently  experienced  in  the  first  and  third  recording  seasons. 

Figures  C-4  and  C-5  indicate  the  incidence  of  headings  and  ship  speeds 
for  the  sub-set  and  the  entire  data  base.  The  sub-set  has  proportionately 
fewer  beam  and  more  following-sea  cases,  and  a lower  incidence  of  intermediate 
speeds.  Again,  the  sub-set  is  thought  to  more  closely  resemble  second-season 
data.  It  is  believed  that  ship  speeds  tended  to  be  lower  during  the  first 
season  for  non-weather  related  reasons. 
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APPENDIX  C-2 


INITIAL  EXAMINATION  OF  VIBRATORY-STRESS  DATA 


Insofar  as  midship  stresses  in  the  main  hull  girder  are  concerned, 
vibratory-stress  response  has  been  observed  to  be  primarily  at  the  two- 
noded  longitudinal  hull  mode  frequency  (Ref.l,  7,  17,  33,  for  example). 

This  empirical  observation  colors  much  of  what  is  done  in  the  processing 
of  the  raw  data  and  indeed  influences  some  of  the  definitions. 

Referring  to  the  methods  of  Ref. 16,  the  first  step  in  processing 
the  raw  stress  signal  is  to  pass  it  through  a low-pass  filter  which  effec- 
tively eliminates  most  if  not  all  signal  content  at  frequencies  more  than 
about  an  octave  above  the  two-noded  mode  frequency.  The  vibratory  content 
of  the  resulting  signal  is  then  isolated  by  a second  filtering  operation 
involving  a fairly  narrow-band  pass  filter  centered  nearly  on  the  two- 
noded  mode  frequency.  The  wave-induced  component  of  the  stress  is  iso- 
lated by  a parallel  low-pass  filtering  in  which  nearly  all  the  content 
above  0.2  or  0.3  Hz  is  eliminated.  The  validity  of  the  results  of  these 
operations  depends  upon  a reasonable  separation  between  the  highest  wave 
encounter  frequency  and  the  first-mode  frequency,  a condition  fulfilled 
in  the  cases  of  the  ships  under  present  consideration. 

The  processing  done  upon  the  Isolated  vibration  signal  involves 
determination  of  successive  "double  amplitudes".  In  this  context  a 
double  amplitude  is  defined  as  the  difference  in  stress  between  a maximum 
and  the  succeeding  minimum-rthe  terminology  comes  about  because  this  dif- 
ference is  very  nearly  twice  the  local  amplitude  for  a narrow-band  process. 
In  the  system  of  Ref  .16,  the  succeeding  double  amplitudes  of  vibration  are 
scanned  in  order  to  determine  if  their  magnitude  exceeds  a certain  thresh- 
hold  (1000  psi  for  UNIVERSE  IRELAND  and  F0TINI-L,  600  psi  for  the  SL-7) . 
When  one  does,  the  initiation  of  a "burst"  of  vibration  is  assumed  and  the 
scan  continues  until  the  double-amplitude  level  falls  below  the  threshold, 
whereupon  the  "burst"  is  assumed  to  be  over.  A given  record  may  have  no 
"bursts"  (no  vibration  above  threshold),  one  "burst"  (either  al 1 vibration 
double  amplitudes  in  the  record  above  the  threshold,  or  as  few  as  one),  or 
a great  many  fluctuations  in  vibration  level  above  and  below  the  threshold. 
The  summary  data  described  in  Appendix  C-1  includes  the  number  of  "bursts" 
in  each  record.  Along  with  the  scanning  to  determine  "bursts",  the  maxi- 
mum vibration  double  amplitude  in  the  record  is  found  and  included  in  the 
summary.  This  latter  quantity  is  synonomous  with  "maximum  burst  stress" 
or  "maximum  first-mode  peak-to- trough  stress"  as  used  in  References  2,  3 
and  26. 


Given  the  existence  of  these  measures  of  vibration  within  the  data- 
base libraries  described  in  Appendix  C-1,  the  obvious  first  and  simplest 
step  was  to  access  the  "maximum  burst"  data  and  attempt  to  develop  statis- 
tical trends  with  measures  of  sea  conditions,  ship  speed  and  heading.  The 
process  used  by  Teledyne  Materials  Research  for  developing  such  trends  is 
described  in  Ref. 2 and  was  exercised  by  them  to  develop  data  used  in  the 
initial  examination. 
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The  Beaufort  wind  strength  was  taken  as  a measure  of  wave  severity, 
and  two  two-way  classifications  of  the  maximum  burst  data  were  carried  out; 
the  first  classification  was  by  Beaufort  wind  and  ship  speed,  the  second 
was  by  Beaufort  wind  and  heading.  The  mean  value,  mean  of  1/3  highest  and 
RMS  values  were  computed  for  the  vibration  double  amplitudes  falling  within 
each  classification  cell.  (Each  combination  of  Beaufort  number  and  heading 
or  Speed.) 

Figures  C-6  through  C-ll  summarize  part  of  the  results  of  the  cor- 
relation. Figures  C-6  and  C-7  pertain  to  second-season  SL-7  data  (computa- 
tions were  also  made  for  the  first  season  but  indicated  similar  trends  and 
are  not  shown).  Figures  C-8  and  C-9  pertain  to  the  FOTINI-L,  and  Figures 
C — 1 0 and  C-ll  are  for  the  UNIVERSE  IRELAND.  In  all  cases  the  numbers 
plotted  are  the  mean  value  of  all  the  maximum  burst  stresses  falling  within 
the  classification  cell  formed  by  Beaufort  number  and  speed  or  heading. 

Considering  the  SL-7  results  first  (Figures  C-6  and  C-7)  there  is  an 
obvious  overall  upward  trend  of  vibration  level  with  Beaufort  number,  and 
by  implication  with  wave  severity.  Similarly  there  appears  an  upward  trend 
as  heading  goes  from  following  to  head  seas.  The  picture  with  speed  is  con- 
fused due  to  the  lower  incidence  of  low  ship  speeds,  but  overall  the  vibra- 
tion magnitude  appears  somewhat  independent  of  speed. 

The  results  for  FOTINI-L  (Figures  C-8  and  C -9)  indicate  a confused 
picture  overall.  There  is  so  little  speed  variation  in  the  data  base  that 
practically  all  data  is  in  the  12  to  16-knot  classification.  Thus  the 
results  in  Figure  C-8  Indicate  a mild  overall  upward  trend  with  Beaufort 
number,  as  do  the  beam,  bow  and  head-sea  results  in  Figure  C-9.  There  is 
a tendency  for  the  vibration  levels  to  be  lower  in  quartering  and  follow- 
ing seas,  Figure  C-9. 

In  contrast,  there  is  not  much  which  can  be  concluded  about  trends 
of  the  vibration  levels  on  UNIVERSE  IRELAND,  Figures  C-10  and  C-ll.  The 
mean  values  of  the  largest  vibration  double  amplitudes  are  all  less  than 
the  1000  psi  analysis  threshold,  and  there  is  no  obvious  trend  with  any 
of  the  parameters. 

The  mean  value  of  the  maximum  vibration  double  amplitudes  within 
each  classification  cell  was  selected  for  trend  analysis  in  hopes  that  it 
was  the  most  stable  statistic  available.  Considering  all  the  individual 
data  points  for  a particular  Beaufort  number,  there  is  typically  an  enor- 
mous scatter  about  the  mean — individual  values  ranging  from  below  the 
threshold  to  values  typically  three  times  the  mean.  In  the  case  of  SL-7 
there  are  a quite  significant  number  of  peak  vibration  double  amplitudes 
between  3000  and  10000  psi  and  a few  isolated  points  (5  points  exactly) 
to  15000  psi.  The  data  for  FOTINI-L  show  a significant  number  of  points 
between  3000  and  8000  psi,  with  four  points  falling  between  8000  and 
11000  psi.  In  contrast,  all  the  data  for  UNIVERSE  IRELAND  except  for  four 
points  are  less  than  3^00  psi.  These  latter  four  points  lie  between  6500 
and  9500  psi.  Interestingly,  there  are  no  points  in  excess  of  1000  psi 
for  Beaufort  numbers  greater  than  7. 
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FIG.  C-8:  FOTINI-L -BURST  STRESS,  BEAUFORT  NUMBER  AND  SPEED 
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FIG.  C -9:  FOTINI-L -BURST  STRESS,  BEAUFORT  NUMBER  AND  SEA  DIRECTION 


SHIP  SPEED  (KNOTS) 


BEAUFORT  NUMBER 

FIG.  C-10:  UNIVERSE  IRELAND-BURST  STRESS,  BEAUFORT  NUMBER  AND  SHIP  SPEED 
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FIG.  C— 11 : UNIVERSE  IRELAND-BURST  STRESS,  BEAUFORT  NUMBER  AND  SEA 
DIRECTION 


It  Is  the  nature  of  the  derived  maximum  burst  or  maximum  double 
amplitude  of  vibration  to  be  sensitive  to  isolated  instances  of  extraneous 
noise  because  it  is  a measure  of  an  event  lasting  over  only  half  a vibration 
period  (less  than  a second)  buried  somewhere  in  a 1200-second  record  which 
has  not  been  examined  by  eye.  About  half  of  the  extraordinarily  high  points 
cited  were  associated  with  3eaufort  numbers  less  than  5 — not  ordinarily 
severe  weather  for  the  large  ships  under  consideration. 

Thus, in  order  to  make  a judgement  about  the  results.*  it  seemed  permiss- 
ible to  suspect  that  the  isolated  highest  points  were  spurious.  On  this  basis 
the  results  for  UNIVERSE  IRELAND  imply  that  an  extreme  addition  to  wave-induced 
stress  should  be  of  the  order  of  1500  psi  and  the  typical  addition  would  be 
less  than  500  psi.  These  numbers  are  of  the  order  of  1/10  of  the  long-term 
predictions  of  wave-induced  stress  presented  in  Ref.  7K  and  of  course,  if. the 
data  are  correct  the  typical  addition  to  extreme  wave-induced  moment  should  be 
the  lower  figure.  This  consideration  of  absolute  magnitude  coupled  with  the 
absence  of  trends  with  weather,  speed,  etc.  suggested  that  the  vibratory  mid- 
ship stress  level  induced  by  all  causes  (weather,  waves,  propeller  excitation) 
could  reasonably  and  conservatively  be  taken  care  of  by  assuming  an  increment 
to  tension  or  compression  between  1 and  1.5  kpsi  for  all  conditions.  There 
seemed  little  point  in  delving  deeper  into  the  stress  data  for  UNIVERSE 
IRELAND  and  this  was  not  attempted. 

The  fact  that  trends  with  weather,  speed  and  heading  were  noted  for 
the  other  ships  and  the  generally  much  higher  magnitudes  of  stress  variation 
indicated  that  more  detailed  studies  of  the  vibratory  response  of  both 
F0TIN1-L  and  the  SL-7  were  in  order. 
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APPENDIX  C-3 


INITIAL  EXAMINATION  AND  ANALYSIS 
OF  STRESS-TIME  HISTORIES  IN 
THE  DATA  SUB-SETS 


Spectrum  Analysis 

Though  a sample  spectrum  of  stress  for  the  FOTINI-L  is  included  in 
Ref  8,  it  became  apparent  that  not  too  many  stress  spectra  had  been  computed 
from  the  FOTINI-L  data.  As  of  the  initiation  of  the  present  work,  none  at 
all  had  been  computed  for  the  SL-7.  It  was  therefore  decided  to  estimate 
the  stress  spectrum  for  all  the  records  in  the  FOTINI-L  and  SL-7  data  sub- 
sets, both  to  allow  a quantitative  description  of  the  expected  peak  at  first- 
mode bending  frequency,  and  to  identify  the  important  range  of  frequencies 
corresponding  to  wave  excitation. 

The  spectra  were  estimated  with  one  of  the  many  variations  of  the  FFT 
method,  the  details  of  which  are  noted  in  Ref. 28.  Because  the  time  series 
sampling  interval  for  the  SL-7  data  is  different  from  that  of  the  FOTINI-L 
data  the  frequency  resolution  of  the  spectra  had  to  be  slightly  different. 

The  SL-7  stress  spectra  were  resolved  at  0.0511  Rad/Sec  intervals  (36  degrees- 
of*-freedom  per  estimate),  and  those  for  the  FOTINI-L  at  0.061**  Rad/Sec 
(48  degrees -of- freedom  per  estimate). 

a)  Analysis  of  SL-7  Stress  Spectra 

The  first  analysis  of  the  SL-7  stress  spectra  was  to  locate  peaks  in 
the  vibratory  frequency  range  and  assess  the  frequency  range  of  wave-induced 
stress.  On  the  average,  the  data  suggest  a first-mode  bending  frequency  of 
(0.78  * 0.03)  Hz.  This  is  in  reasonable  accord  with  the  value  of  0.80  Hz 
quoted  in  Ref  .3.  Table  C-2  summarizes  the  estimates  of  the  lowest  vibratory 
bending  frequency  for  each  voyage  leg.  These  are  averages  of  the  frequencies 
estimated  from  the  spectrum  for  each  interval. 

The  frequency  range  of  significant  low-frequency  spectral  density 
was  assessed  to  be  between  0.0  Hz  and  about  0.3  Hz  with  the  vast  majority  of 
response  laying  below  0.2  Hz.  For  practical  purposes  the  stress  response 
below  0.3  Hz  was  thus  considered  to  be  wave  induced.  No  prominent  peak  was 
noted  between  0.3  and  0.75  Hz  where  the  first-mode  bending  spectral  density 
peak  began,  but  occasionally  something  around  0.5  Hz  was  observed  just 
breaking  through  the  noise.  In  this  latter  case  the  level  was  considered  so 
low  as  to  have  negligible  effect  on  subsequent  operations.  The  SL-7  data 
are  evidently  also  in  accord  with  previously  found  indications  (Appendix  02) 
that  vibration  occurs  primarily  at  first-mode  frequency. 

Qualitatively  the  relative  magnitudes  of  the  spectrum  peak  at  first- 
mode frequency  and  the  wave -induced  (low-frequency)  spectrum  peak  were  found 
to  be  quite  different  than  that  for  the  FOTINI-L  shown  in  Ref, 8.  Typically 
the  peak  at  this  vibration  frequency  was  found  to  be  less  than  10%  of  the  low- 
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TABLE  C-2  - AVERAGE  FIRST-MODE  BENDING  FREQUENCIES  OF  SL-7 
IN  NINE  VOYAGE  LEGS  FROM  SPECTRAL  ANALYSES 


VOYAGE 

MEAN  DRAFT 

AVERAGE  FREQI 

32  East 

34.0 

0.80  Hz 

32  West 

31.8 

0.81  Hz 

33  East 

34.0 

0.78  Hz 

33  West 

35.2 

0.80  Hz 

34  East 

34.1 

0.80  Hz 

34  West 

32.2 

0.75  Hz 

35  East 

33.2 

0.78  Hz 

35  West 

33.8 

0.77  Hz 

36  East 

35.2 

0.76  Hz 
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FIG.  C-12  - SAMPLE  STRESS  « 
SPECTRUM:  J 

SL-7  f 


Tape  143,  Interval  9 
Ship  Speed*=3 1 .5  Kt 
Beaufort  9 
Bow  Seas 

RMS  Stress*=0.72  Kps  I 
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FIG.  C- 13  - SAMPLE  STRESS  SPECTRUM;  FOTINI-L,  VOYAGE  7B 
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frequency  spectrum  peak.  A vibration  peak  of  20%  of  the  low-frequency  peak 
was  quite  rare.  Figure  C - 1 2 shows  one  of  these  relatively  rare  cases  in 
which  a spectral  peak  at  first-mode  bending  frequency  was  sufficiently 
prominent  to  be  visible  when  plotted  to  a linear  scale.  The  case  chosen  is 
also  one  of  the  rare  cases  in  which  wave-induced  stress  content  is  visible 
above  a frequency  of  0.3  Hz.  The  overall  stress  level  for  this  particular 
record  is  relatively  low.  Interestingly,  first-mode  vibration  peaks  were 
not  prominent  in  spectra  corresponding  to  very  high  overall  stress  levels. 

The  wave-induced  portion  of  the  stress  spectra  varied  widely  in  shape 
from  cases  of  obvious  very  narrow-band  reponse  to  cases  of  quite  wide-band 
response.  The  wave- induced  portions  of  all  spectra  have  been  plotted  in 
References  29  through  32.  Roughly  half  of  the  spectra  indicate  significant 
stress  response  at  very  low  frequencies  (less  than  the  frequency  of  roll 
resonance,  in  fact).  This  is  rougly  in  accordance  with  the  portion  of  time 
spent  in  quartering  and  following  seas,  Figure  C-l*. 


b)  Analysis  of  FOtlNI-L  Stress  Spectra 

The  analysis  of  the  FOTINI-L  spectra  was  similar  to  that  for  the  SL-7. 
All  spectra  were  scanned  to  locate  the  lowest  prominent  peak  in  the  bending 
vibration  range.  The  average  frequency  of  vibration  for  the  four-ballast 
legs  was  found  to  be  0.71*  * 0.03  Hz,  about  as  expected  from  Ref  7.  In  the 
loaded  voyage  (IAl)  that  vibration  which  could  be  identified  from  the  spec- 
trum appeared  to  be  at  0.66  Hz.  In  two  of  the  four  ballast  voyages  there 
were  noticeable  changes  in  the  frequency  of  vibration.  In  voyage  6B  the 
vibration  frequency  at  the  start  of  the  leg  appeared  to  be  about  0.73  Hz, 
increased  to  0.77  Hz  at  the  middle  of  the  leg  and  ended  at  0.71*  Hz.  In 
voyage  5B  the  frequency  increased  from  0.72  Hz  at  the  start  to  0.76  at  the 
end  of  the  voyage.  No  spectral  peaks  other  than  that  corresponding  to  first- 
mode bending  were  discernable  above  a frequency  of  0.3  Hz.  The  frequency 
range  of  wave-induced  stress  appeared  well  below  0.3  Hz. 

The  general  appearance  of  the  spectra  when  significant  vibration  was 
present  was  about  as  expected  from  Ref  7-  There  was  very  little  vibration 
in  the  intervals  corresponding  to  the  loaded  case.  In  this  case  the  spectra 
resembled  those  for  the  SL-7.  In  the  ballast  voyages  the  qualitative  features 
of  the  wave-induced  part  of  the  stress  spectra  were  somewhat  different  from 
those  for  the  SL-7  in  that  a much  lower  incidence  of  low-frequency  spectral 
density  was  observed,  perhaps  only  in  30  out  of  the  168  cases.  The  first- 
mode vibration  peak  was  generally  quite  prominent.  Figure  C - 1 3 shows  one  of 
the  most  extreme  FOTINI-L  stress  spectra.  In  this  case  the  vibration  consti- 
tutes most  of  the  response,  in  contrast  to  the  extreme  example  for  the  SL-7 
shown  in  Figure  C-12. 


Separation  of  Wave-Induced  and  Vibratory  Stresses  Using  the  Digital  Time  Series 

In  order  to  discriminate  between  wave-induced  and  vibratory  stresses, 
some  variation  of  filtering  is  required.  In  the  analysis  by  Teledyne 
Materials  Research,  real  analog  filters  were  used,  one  to  low  pass  the  data 
and  eliminate  vibration;  and  one  to  band  pass  the  data  and  isolate  vibration. 

In  the  present  case  digital  filters  were  required  to  perform  the  same  functions. 
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The  first  filtering  problem  was  to  realize  digital  filters  which 
pass  the  wave-induced  components  and  reject  the  vibratory  components.  For 
this  purpose  various  recursive  digital  6-pole  S ine-Butterworth  low-pass 
filters  were  designed.  Recursive  filters  have  phase  lags  and, to  some 
extent, the  designs  were  based  on  the  possibility  of  achieving  a near-zero 
effective  phase  lag  by  shifting  the  output  of  the  filter  backwards  in  time. 
For  each  of  the  filters/  g time  shift  was  chosen  so  as  to  result  in  a net 
phase  lag  smaller  than  4°  throughout  the  frequency  range  of  dominant  wave 
excitation.  This  magnitude  of  phase  shift  was  felt  to  be  small  enough  that 
the  filtered  and  unfiltered  stress  time  series  could  be  treated  as  though 
there  had  been  no  phase  distortion  in  the  wave -exc i tat  ion  frequency  range. 

The  design  of  band-pass  filters  to  isolate  the  vibration  turned  out 
not  to  be  very  promising  for  a variety  of  reasons.  The  method  ultimately 
used  was  to  subtract  the  low-pass  filtered  time  series  from  the  unfiltered 
time  series  as  a first  estimate,  and  then  smooth  the  result  with  another 
six-pole  low-pass  digital  filter  having  a cut  off  about  twice  the  first- 
mode bending  frequency.  Although  the  subtraction  is  theoretically  equi- 
valent to  a high-pass  filter,  rounding  and  quantization  errors  were  magni- 
fied in  low-level  vibration  time  series.  This  made  the  additional  filter- 
ing necessary  to  remove  high-frequency  noise. 

The  result  of  the  filtering  operations  was  three  time  series: 

1.  The  original  raw  stresses. 

2.  Low-pass  filtered  stresses  (wave- induced)  which  were  time 
correlated  with  the  original. 

3.  A series  representing  the  vibration. 

The  size  of  the  resulting  arrays  for  the  entire  data  sub-sets  would  have 
been  much  too  large  for  convenience  in  storing  for  future  use.  Accordingly, 
these  arrays  existed  only  for  a short  time  in  the  computer  as  scratch  files. 
The  remainder  of  the  various  data-reduct ion  procedures  were  started  for  each 
record  as  soon  as  the  above  arrays  had  been  generated. 

There  were, In  ail,  three  low-pass  filters  utilized  to  separate  wave- 
induced  stress,  one  for  the  FOTINI-L  and  two  for  the  SL-7.  The  amplitude 
response  of  all  three  was  unity  * 0.5%  from  D.C.  to  0.25  Hz  and  (depending 
upon  cut-off  frequency)  no  lower  than  0.95  at  0.3  Hz,  the  upper  limit  of 
wave-induced  stress  frequencies.  The  filter  for  the  FOTINI-L  had  a nominal 
cut-off  of  0.40  Hz  which  resulted  in  a 97%  attenuation  of  first-mode  vibra- 
tion components.  The  first  of  the  two  SL-7  filters  had  a cut-off  of  0.44  Hz, 
resulting  in  a 96-1/2%  attenuation  of  first-mode  vibration.  This  filter  was 
used  for  the  bulk  of  the  SL-7  data  reduction.  The  second  SL-7  filter  was 
utilized  in  some  special  analyses  of  wave-induced  stresses  to  be  described 
In  Appendix  C-4.  Its  cut-off  was  0.36  Hz  and  the  filter  attenuated  first- 
mode vibration  by  almost  99%. 


Characteristics  of  Midship  Longitudinal  Stress  Records  in  the  Time  Domain 


Because  it  was  easy  to  do,  a great  many  analyses  of  the  stress  records 
in  the  data  sub-sets  were  done  prior  to  the  time  that  serious  consideration 
was  given  to  a qualitative  assessment  of  the  behavior  of  the  stress  records 
in  the  time  domain.  In  effect,  it  was  initially  assumed  that  the  wave-induced 
and  superimposed  vibratory  stresses  in  the  records  behaved  as  the  implied 
definitions  of  slamming  response,  whipping,  springing,  etc.  in  Ref  1. 
Ultimately,  there  appeared  to  be  so  many  oddities  in  the  results  of  these 
analyses  (especially  with  the  FOTINI-L  data)  that  it  appeared  necessary  to 
go  back  to  basics.  By  this  is  meant  the  old  fashioned  (but  still  valid) 
idea  that  before  performing  moderately  complicated  statistical  analyses  on 
records,  at  least  a portion  of  each  should  be  inspected  by  eye.  (All  of  the 
records  in  the  present  two  data  sub-sets  had  been  examined,  but  at  a time 
compression  in  which  not  even  individual  wave-induced  fluctuations  could  be 
discerned.) 

Thus  with  respect  to  the  chronology  of  the  work  the  contents  of  the 
present  section  are  purposely  out  of  order--no  particularly  good  purpose 
would  be  served  by  a strictly  chronological  account  of  the  work. 


Figures  C-lAa  through  C-l4i  contain  plots  of  short  portions  of  the  198 
digital  stress  time  series  in  the  SL-7  data  sub-set.  Both  the  original  series 
and  the  filtered  (wave- induced)  series  are  plotted.  (The  wave-induced  stress 
is  shown  as  a dashed  line.)  The  origin  of  the  data  In  each  frame  is  identified 
by  the  Teledyne  analog  tape  and  interval  number  as  well  as  by  a "run  number" 
which  was  assigned  at  Davidson  Laboratory  for  convenience  in  handling  the  data. 
The  vertical  scale  for  each  frame  is  adjusted  to  suit  the  data;  in  general, 
the  scales  vary  from  frame  to  frame.  Positive  stress  is  deck  tension,  cor- 
responding to  a hogging  moment.  "Zero"  stress  corresponds  to  the  sample  mean. 
The  horizontal  scale  is  time.  In  all  cases  the  duration  of  the  plotted  time 
history  is  about  76  sec.  The  number  in  the  upper  right  corner  of  each  frame 
is  the  number  of  the  last  plotted  point  of  the  time  series.  The  particular 
portion  of  time  history  shown  was  determined  by  the  position  of  the  maximum 
vibration  double  amplitude  found  in  the  entire  record.  In  the  process  of 
developing  vibration  double  amplitudes  from  the  vibration  time  series  described 
in  the  last  section,  the  position  of  the  largest  in  the  array  was  retained. 

For  purposes  of  making  Figure  C-lA  then,  the  portion  of  time  series  selected 
was  such  as  to  make  the  maximum  vibration  double  amplitude  appear  in  the 
center  of  the  time  axis  unless  It  happened  to  be  observed  at  the  beginning  or 
end  of  the  time  series.  In  terms  of  the  conventions  of  the  Figures,  if  the 
last  point  number  is  greater  than  512  or  less  than  8192  the  maximum  vibration 
is  somewhere  left  of  center,  and  if  the  last  point  number  is  8192  the  maxi- 
mum vibration  is  to  the  right  of  center. 

The  rationale  for  the  above  selection  procedure  was  the  sensitivity 
(noted  earlier)  of  the  maximum  vibration  double  amplitude  to  extraneous  noise, 
and  the  corresponding  high  probability  that  if  anything  was  amiss  in  the 
records  it  would  be  observed  in  conjunction  with  the  perceived  maximum  vibra- 
t ion. 
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Figure  C-14b  Sample  Time  Histories,  SL-7  Data  Sub-Set 
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Figure  C-l4c  Sample  Time  Histories,  SL-7  Data  Sub-Set 
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Figure  C-l4f  Sample  Time  Histories,  SL-7  Data  Sub-Set 
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Figure  C-I4I  Sample  Time  Histories,  SL-7  Data  Sub-Set 
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a question  mark  and  the  letters  "V"  for  "questionable  vibration  response" 
and/or  "W"  for  "questionable  wave-induced  response".  Runs  1 4 1 , 653,  905, 

1125  and  1137  are  questioned  on  the  grounds  that  the  maximum  "vibration" 
cannot  be  believed  as  representing  something  which  actually  happened  aboard 
ship.  Sudden  pulses  without  subsequent  vibratory  decay  are  considered  to 
be  stray  electronic  transients  introduced  somewhere  in  the  necessarily 
large  amount  of  analog  data  processing.  In  Run  1 945  (Figure  C- 1 4h)  some- 
thing has  saturated  badly  and  the  result  is  a questionable  record  for  analyses 
of  both  the  maximum  vibration  and  the  wave-induced  component.  In  subsequent 
analyses.  Run  1 945  was  omitted  from  all  consideration  and  the  five  runs  noted 
were  omitted  when  considering  vibration.  The  SL-7  data  sub-set  on  the  whole 
appears  relatively  free  of  unbelievable  data. 

As  far  as  superimposed  vibrations  are  concerned  there  are  many  in- 
stances of  more  or  less  continuous  low  level  vibration,  but  only  one  instance 
(Run  937,  Figure  C- 1 4d)  where  the  presence  of  "springing"  could  be  argued. 

When  the  vibration  is  largest  appears  to  be  impact  induced  with  the  subse- 
quent "whipping"  decay.  In  quite  a number  of  cases,  the  inception  of  vibra- 
tion appears  to  be  nearer  to  the  time  of  maximum  wave-induced  compression 
(sagging)  than  the  time  of  wave-induced  tension  (hogging).  This  is  in  some 
contrast  to  the  result  for  the  slower  speed  cargo  ship  of  Ref.l  where  it 
was  indicated  that  inception  of  vibration  always  occurred  near  the  time  of 
maximum  wave-induced  tension.  Given  that  the  SL-7  is  generally  of  the  size 
and  nearly  of  the  speed  of  an  aircraft  carrier,  the  "flare  shock"  mechanism 
noted  in  Ref. 17  can  be  expected  in  addition  to  forward  bottom  slamming  so 
that  impact  inception  may  also  reasonably  be  expected  near  times  of  maximum 
compression  (sagging). 

With  respect  to  the  wave-induced  (longer  period)  stresses  there  are 
a good  number  of  cases  where  very  long  period  and  relatively  short  period 
components  superimpose  to  form  a short-term  process  which  cannot  possibly 
be  considered  narrow  banded. 

Turning  attention  to  the  FOTINI-L  data  sub-set.  Figures  C-15a  through 
C- 1 5g  contain  portions  of  the  168  digital  stress  time  series  in  the  set. 

With  some  minor  exceptions,  the  plotting  conventions  are  the  same  as  those 
used  for  the  SL-7  data  sub-set.  Because  the  records  were  taken  from  the 
Teledyne  digital  library  tape, the  basic  time  sampling  interval  is  0.1  sec  so 
that  the  duration  of  the  plotted  time  histroy  is  51  seconds.  The  "Run  number" 
was  arbitrarily  assigned  at  Davidson  Laboratory,  and  the  Teledyne  analog  tape 
identification,  interval  and  index  numbers  are  indicated  for  each  record. 

As  before,  stresses  are  plotted  relative  to  the  sample  mean,  positive 
stress  is  deck  tension  (hogging).  The  FOTINI-L  time  series  have  12000 
points  so  that  this  number  replaces  "8192"  in  the  discussion  of  conventions 
for  Figure  C-14.  Questionable  records  are  marked  as  previously  described. 

In  the  data  set, there  is  a very  large  incidence  of  questionable  "vibration" 
and  a number  of  questionable  wave-induced  stress  records.  Out  of  the  168  records, 
78  are  marked  questionable  leaving  90  records.  The  vast  majority  of  the 
questions  involve  isolated  pulses  or  a train  of  pulses  which  often  occur 
in  the  absence  of  first-mode  vibration.  These  are  not  considered  believable  super- 
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Figure  Sample  Time  Histories,  FOTINI-L  Data  Sub-Set 
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Figure  C- I 5<*  Sample  Time  Histories,  FOTINI-L  Data  Sub-Set 
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Figure  C-15®  Sample  Time  Histories,  FOTINI-L  Data  Sub-Set 
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posed  vibration.  In  a few  cases,  the  pulse  was  of  sufficient  duration  that  the 
filter  partially  followed  it — thus  introducing  a spurious  "wave- induced" 
extreme.  One  such  extreme  is  noted  in  Run  237,  Figure  1 5C . In  this  case, 
a saturation  existed  for  sufficient  time  to  make  the  filtered  signal  indicate 
a 27  Kpsi  "wave- induced"  double  amplitude.  This*  the  highest  "wave -induced" 
double  amplitude  in  the  entire  data  base,  agrees  reasonably  with  the  deter- 
mination by  Teledyne,  but  is  almost  certainly  false.  The  records  following 
Run  237  are  qualitatively  similar.  Some  further  investigation  disclosed 
that  the  mean  stress  (corresond ing  to  zero  in  the  plot)  was  approximately  18 
Kpsi  compression  apparently  due  to  ballast  changes.  According  to  descriptions 
of  the  instrumentation,  Ref’ 7,  it  would  appear  that  the  mean-stress  signal  was 
at  or  beyond  the  nominal  distortion  free  range  of  the  analog  magnetic-tape 
unit.  This  means  that  further  compression  could  easily  cause  the  erratic 
behavior  characteristic  of  magnetic-tape  recorders  driven  into  hard  saturation. 

It  also  means  that  the  signals  were  probably  in  the  range  where  the  tape  recorder 
calibration  was  highly  non-linear.  The  assymetry  of  records  21*0  through  258 
is  consistent  with  this  hypothesis.  According  to  the  listings  of  the  basic 
Teledyne  data-reduct ion  process,  serious  tape  saturation  could  be  expected 
for  nearly  all  of  tape  8FL i -3  and  on  this  basis  the  wave-induced  part  of  records 
237  through  258  is  questioned. 

Considering  those  records  with  no  questions,  there  are  few  instances 
in  which  vibration  appears  to  be  suddenly  initiated,  and  of  these,  virtually 
none  where  the  vibration  decays  rapidly.  In  most  cases  where  the  vibratory 
stress  is  appreciable, the  records  have  the  appearance  of  "springing"  response. 
Though  there  is  some  evidence  of  broad-band  wave- induced  response  in  the 
records,  none  are  comparable  to  the  extreme  examples  of  such  response  in  the 
case  of  the  SL-7  (Figure  C-l4). 
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There  were  two  basic  reasons  for  embarking  upon  an  examination  of 
the  statistics  of  the  short-  term  wave-induced  stress  data  contained  In  the 
FOTINI-L  and  SL-7  data  subsets.  The  first  Is  that  the  state-of-art  proced- 
ure for  prediction  of  long-term  stress  distributions  (Ref.l)  depends 
to  a great  extent  upon  general  assumptions  about  the  statistics  of  the  short- 
term response.  These  general  assumptions  follow  directly  from  the  basic 
linear  narrow-band  random  process  model,  and  have  been  extensively  checked 
in  the  cases  of  the  relatively  small  general  cargo  ships  which  were  studied 
in  Ref-I.  In  the  present  case, both  ships  are  significantly  larger,  and 
the  SL-7  is  of  course  significantly  faster. 

The  second  reason  was  in  relation  to  the  analysis  of  the  superimposed 
vibratory  response.  It  was  considered  unlikely  that  the  short-term  statistics 
of  the  increase  in  stress  due  to  vibration  could  be  rationalized  without 
some  assurance  that  the  wave-induced  components  were  understood. 

Statistical  Symmetry:  Compari sons  of  Hogg ing  and  Sagging  Stresses 

One  of  the  consequencesof  the  linear  random  or  "linear  superposition" 
model  is  that  the  predicted  wave-induced  loads  and  resulting  stresses  must  be 
statistically  symmetrical;  that  is,  the  magnitude  of  wave-induced  peak  com- 
pressive (sagging)  stresses  are  assumed  to  be  the  same  as  the  magnitude  of 
the  tensile  (hogging)  stresses.  A simple  first  analysis  is  to  compare  the 
maximum  values  of  tension  and  compression  observed  in  each  record. 

In  none  of  the  available  records  was  the  actual  mean  stress  level 
known.  Accord ing I y,  the  filtered  (wave- induced)  stress  records  were  corrected 
to  zero  record  mean.  Using  this  sample  as  a reference, the  maximum  "wave- 
induced"  tension  and  the  maximum  compression  were  found  from  each  record. 

The  resulting  values  are  shown  plotted  against  one  another  in  Figure  C - 1 6 
for  the  SL-7  and  in  Figure  C- 1 7 for  the  FOTINI-L  for  all  the  records  not 
questioned  in  Appendix  C-3.  The  dashed  line  at  **5°  is  the  expected  relation. 
Two  things  might  be  noted.  The  maximum  tension  and  compression  are  not 
necessarily  found  in  the  same  encounter  cycle.  The  maximum  value  in  a sample 
scatter  is  to  be  expected. 

Considering  Figure  C-16  for  the  SL-7,  the  maximum  compressive  wave  - 
induced  stress  in  a 20-minute  record  can  be  less  than  or  as  much  as  twice 
the  maximum  tensile  stress.  The  average  ratio  of  maximum  compressive 
(sagging)  stress  to  maximum  tensile  (hogging)  stress  is  in  the  vicinity 
of  1.2.  This  is  in  the  direction  typically  expected  but  not  so  large  as 
is  implied  (for  instance)  by  the  DetNorske  Veritas  Rules  where  the  ratio 
for  the  SL-7  block  coefficient  works  out  to  be  nearly  2. 
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A somewhat  different  situation  is  found  for  FOTINI-L,  Figure  C - 1 7 * 
There  appears  a tendency  for  maximum  wave-induced  hogging  stress  to  be 
larger  than  wave- induced  sagging  stress  but,  considering  the  likely 
scatter  in  the  data,  the  differences  are  not  large.  The  differences  in 
trend  between  SL-7  and  FOTINI-L  are  reflected  in  the  sagging/hogging 
ratio  from  OetNorske  Veri tas,  since  the  rule  ratio  works  out  to  be  1.1 
for  FOTINI-L. 

The  results  imply  that  statistical  symmetry  is  a better  assump- 
tion for  FOTINI-L  than  for  the  faster,  finer  SL-7»  though  even  in  the 
latter  case,  the  differences  may  be  insignificant  in  relation  to  the 
statistical  uncertainties  inherent  in  other  aspects  of  the  state-of-art 
long-term  prediction  methods. 


Tests  of  the  Rayleigh  Hypothesis  for  Wave-Induced  Stress  Maxima  and  Minima 


In  the  state-of-art  prediction  method  of  Ref.  1,  the  assumptions  of 
the  linear  narrow-band  short-term  prediction  approach  are  inherent.  These 
assumptions  are: 

a)  The  mean  value  of  stress  is  not  dependent  upon 
waves  and  does  not  change. 

b)  The  oscillations  about  the  mean  are  a stationary  zero 

mean  Gaussian  process  of  sufficiently  narrow-band  width  that  the 
maxima  and  minima  follow  the  Rayleigh  distribution,  and  are 
statistically  symmetrical. 

In  the  present  case  the  actual  mean-stress  level  is  not  known,  and 
therefore  the  sample  mean  is  used  as  an  estimate  of  the  true  mean. 

Figure  18a  indicates  the  general  appearance  of  the  ideal  narrow- 
band  process.  Considering  positive  stress  to  be  tension,  all  the  maxima 
of  the  process  are  positive  and  all  the  minima  are  negative.  Thus,  ideally, 
the  determination  of  all  the  peak  tensions  (T)  and  compressions  (C)  involves 
no  conventions  other  than  deciding  which  are  "maxima"  and  which  are  "minima." 
The  ideal  double  amplitudes  ("d.a."  in  the  Figure)  are  the  sum  of  succeeding 
tension  and  compression  peaks,  and  are  conventionally  assumed  to  follow  the 
Rayleigh  distribution  also. 

As  may  be  noted  in  the  sample  time  histories  presented  in  Appendix 
C-3*  real  wave-induced  stress  time  histories  do  not  usually  have  an  ideal 
appearance.  Figure  C - 1 8b  illustrates  the  typical  problem,  which  is  the 
existance  of  negative  maxima  and  positive  minima--high-frequency  oscilla- 
tions riding  on  top  of  lower  frequency  oscillations.  Since  the  Rayleigh 
distribution  is  defined  only  for  positive  values  of  the  variate  (peak 
tensions,  or  peak  compressions  with  the  sign  reversed)  it  is  customary  in 
the  interpretation  of  actual  records  to  establish  some  conventions  which, 
it  is  thought,  have  the  effect  of  producing  an  approximately  equivalent 
ideal  narrow-band  process.  Figure  C - 1 8b  illustrates  some  of  the  features 
of  this  procedure.  Using  the  sample  mean  as  a reference,  a maximum 


(tension)  is  defined  as  the  largest  filtered  (wave- induced)  stress  digitized 
during  a positive  stress  excursion,  and  a minimum  (compression)  as  the  smallest 
stress  during  a negative  stress  excursion.  Thus  the  existence  of  "maxima"  and 
"minima"  depend  upon  zero  crossings.  Negative  maxima  and  secondary  positive 
maxima  are  ignored.  What  is  being  defined  by  this  procedure  is  the  "main  extreme" 
in  an  excursion.  The  double  amplitude  (defined  as  "d.a.")  in  the  Figure  is  thus 
the  sum  of  the  main  positive  and  the  main  negative  extremes  In  an  excursion. 

These  conventions  are  basically  those  used  in  the  available  reduction  of  data 
for  the  entire  data  bases,  Ref.  16. 

These  conventions  were  followed  in  developing  data  for  a further 
check  on  the  short  - term  (wave- induced)  stress  statistics  of  the  F0T1NI-L 
and  St-?  data  sub-sets.  The  filtered  (wave  -induced)  digital  stress  records 
were  processed  to  the  end  that,  for  each  record,  there  was  available: 

a)  The  number  of  filtered  stress  excursions  from  tension 
to  compression  which  were  contained  in  the  record. 

b)  An  array  of  the  wave-induced  main  extremes  in  tension 
in  each  record,  in  the  order  found. 

c)  A corresponding  array  for  main  extremes  in  compression. 

It  was  the  intention  to  use  various  "goodness-of-f i t"  techniques 
to  test  the  conformity  of  these  samples  with  the  Rayleigh  hypothesis.  Some 
details  of  the  testing  procedures  used  are  given  in  Appendix  C-5.  The  first 
operation  was  to  perform  run  tests  on  all  the  basic  arrays  of  maxima  and 
minima.  The  result  of  these  tests  for  each  record  was  a 
parameter  "J"  such  that  if  every  jth  extreme  was  considered,  the  re- 
sulting decimated  sample  would  pass  the  run  test  at  the  95%  level  of 
confidence.  For  reasons  outlined  in  Appendix  C-5,  only  the  decimated 
samples  were  used  in  subsequent  testing. 

Noting  that  the  most  often  used  measure  of  magnitude  of  oscillatory 
wave -induced  stresses  is  the  double  amplitude,  samples  of  wave- induced 
double  amplitude  were  formed  by  adding  algebraically  the  adjacent  main 
extremes  in  tension  and  compression.  (As  previously  noted  the  maxima  and 
minima  found  In  the  data  reduction  were  stored  In  the  order  found  in 
order  to  allow  this  operation).  It  was  found  that  the  level  of  sequential 
correlation  of  the  double  amplitudes  according  to  the  run  test  was  very 
nearly  the  same  as  that  for  the  main  extremes  in  tension  or  compression. 

For  these  purposes  the  Rayleigh  probability  density  was  represented 
as: 
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p(*n)  - 1\  E x p (-  T]*/2) 


[ 


Where: 

1)  ■ Reduced  variate  ® X/R 

X = the  dimensional  variate  (tensile  or 
compressive  main  excursions) 

R = the  distribution  parameter. 

In  fitting  the  distribution  to  the  sample,  the  distribution  parame-tfer 
WaS  estimated  by  the  maximum  likelihood  approach.  In  the  present  case  the 
fitted  parameter,  R,  is  the  root  mean  square  of  the  sample  points  divided 
by  /?..  The  distribution  parameter  for  the  Rayleigh  distribution  may  also  be 
estimated  as  equal  to  process  root-mean-square  (the  root  mean  square  of  the 
entire  record,  an  operation  involving  the  entire  sample  time  history). 

In  carrying  out  the  various  tests  on  the  short-term  data  samples, 
there  were  thus  generated  two  new  estimates  of  the  process  root-mean- 
square;  one  from  the  main  tension  extreme  data,  and  one  from  the  compression 
data.  These  estimates  were  considered  much  more  stable  statistics  with  which 
to  check  statistical  symmetry.  Accordingly,  the  pairs  of  estimates  resulting 
from  each  record  were  plotted  in  the  same  way  as  had  been  done  for  the  maxima 
of  each  record  (Figures  C - 1 6 and  C- 1 7) • The  results  are  shown  in  Figure  C - 1 9 
for  the  SL-7  and  Figure  C-20  for  FOTINI-L.  In  the  case  of  FOTINI-L,all 
records  questioned  In  Appendix  C-3  were  disregarded.  Only  the  single  SL-7 
record  where  wave- induced  stresses  were  questioned  was  disregarded. 

As  might  be  expected,  the  scatter  in  Figures  C- 1 9 and  C-20  is  much 
reduced  relative  to  that  in  Figures  C-16  and  C - 1 7 - Figure  C - 1 9 implies 
that  the  wave-induced  sagging  stresses  for  the  SL-7  are, on  average, much  closer 
to  being  statistically  symmetrical  with  the  wave-induced  hogging  stresses--  a 
mean  line  through  the  scatter  implies  a rather  than  a 20%  difference.  In  the 
case  of  the  FOTINI-L,  Figure  C-20,  the  symmetry  appears  to  be  very  close.  With 
respect  to  the  state-of-art  short-term  l i near- random  process  approach,  the 
only  thing  estimated  is  the  "process"  rms  and  It  has  to  be  assumed  th3t  the 
distribution  of  short-term  maxima 

Is  the  same  as  that  for  short-term  minima.  Though  the  data  implies 
that  the  symmetry  Is  not  exact,  the  results  in  Figures  C - 1 9 and  C-20  indicate 
that  the  symmetry  assumption  Is  very  much  within  engineering  reason  for  the 
average  magnitude  of  stress  if  not  for  the  extremes. 

Because  it  seemed  probable  that  the  statistics  of  short-term  stresses 
had  not  previously  been  examined  for  ships  of  the  size  and  speed  of  the  SL*7, 
the  Initial  concentration  of  effort  and  development  of  techniques  was  upon 
the  wave -Induced  data  for  this  ship.  The  first  series  of  tests  were  upon 
the  decimated  samples  of  double  amplitudes  which  could  be  formed  from  the 
197  records  In  the  SL-7  sub-set  for  which  no  questions  about  wave-induced 
stress  response  could  be  raised  in  Appendix  C-3.  Both  the  tests  on  sample 


extremes  and  the  Chi-Square  tests  were  carried  out  as  noted  in  Appendix  C-5, 
and  evaluation  of  the  results  was  based  upon  the  "fai lure- rate"  philosophy. 

The  results  of  the  series  of  tests  on  the  short-term  distributions 
of  double  amplitudes  is  given  in  Table  C-3.  The  first  line  of  the  table 
indicates  the  failure  rates  for  all  197  records.  In  10%  of  the  records, 
the  maximum  sample  value  was  outside  the  appropriate  90%  confidence  bounds 
as  would  be  anticipated.  However,  a 24%  overall  failure  rate  is  noted 
for  the  Chi-Square  tests.  This  is  about  5 times  the  rate  expected  and 
three  attempts  to  correlate  this  with  nominal  conditions  were  made. 

The  first  grouping  is  on  heading.  Failure  rates  of  both  tests 
do  not  seem  to  be  obviously  correlated  with  heading.  The  second  grouping 
was  on  rms  stress  level.  In  this  case  the  excessive  Chi-Square  failure  rate 
seems  to  be  concentrated  in  cases  with  relatively  small  stress  levels. 

Finally,  the  failures  were  correlated  on  the  basis  of  "Low-Frequency 
Contributions  to  Variance".  To  quantify,  each  of  the  197  stress  spectra  was 
partially  integrated  between  0 and  0.035Hz.  The  percentage  of  total  vari- 
ance originating  from  this  range  of  frequency  roughly  measures  the  importance 
of  stress  response  below  roll  resonance.  As  may  be  seen  by  inspecting  the 
number  of  tests  in  each  of  the  class  intervals  selected  for  this  grouping 
of  failure  rate,  in  about  half  the  records  there  is  a very  significant 
amount  of  stress  response  at  frequencies  below  roll  resonance.  However,  the 
failure  rate  for  the  Chi-Square  tests  on  double  amplitudes  is  also  not 
obviously  explained  by  this  correlation. 

According  to  the  usual  approximation,  the  parameter  of  the  Rayleigh 
distribution  for  double  amplitudes  is  twice  the  process  rms.  The  same 
tests  were  run  with  twice  process  rms  as  the  Rayleigh  parameter  and  the 
result  was  higher  rejection  rates  than  shown  in  Table  C-3.  In  75%  of  the 
intervals, the  fitted  Rayleigh  parameter  was  within  + 10%  of  twice  the 
process  rms  as  computed  from  the  original  data.  In  the  remaining  25%  of 
cases,  the  difference  ranged  up  to  25%.  Since  the  90%  confidence  bound  on 
variance  as  computed  in  the  spectral  analyses  according  to  the  spectral 
band  width  implies  a 90%  bound  on  rms  of  roughly  +_  10%, this  result  was 
not  too  surprising;  neither  estimate  of  the  Rayleigh  parameter  can  be 
taken  as  being  very  precise. 

The  results  in  Table  C-3  indicated  either  that  the  Rayleigh  assump- 
tion for  double  amplitudes  was  not  as  generally  true  as  was  thought,  or 
that  something  was  amiss  in  the  Chi-Square  test  procedure.  There  is  no 
strict  mathematical  justification  for  assuming  the  Rayleigh  distribution 
of  apparent  double  amplitudes  even  if  the  process  is  very  narrow  banded. 

On  the  other  hand  the  use  of  the  Chi-Square  test  could  be  justly  criticized 
in  this  application  because  the  sample  size  is  relatively  small.  In  the 
case  of  the  double-amplitude  Chi-Square  tests  there  was  an  overall  rate  of 
failure  of  15%  at  the  2%  level  of  significance.  These  more  significant 
failures  were  not  correlated  with  sample  size;  that  is,  a failure  at  the 
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Table  C-3 


Summary 
of  Wave- 

of  Tests 
' Induced 

for  Fit  to  cne  Rayleigh 
Stress  Double  Amp  1 i tube* 
SL-7  Data  Sub-Set. 

Distribution 

Found  in  the 

Grouping 

No.  of 
Tests 

Fa i lure  Rate  on 
Maximum  Value 

(10%  Expected) 

Fai lure  Rate  on 

Chi-Square 

Tests 

(5%  Expected) 

A1 1 Records 

197 

10% 

24% 

Nominal  Head  Seas 

32 

12% 

22% 

Bow  Seas 

62 

10% 

27% 

Beam  Seas 

22 

18% 

27% 

Qtr.  Seas 

54 

6% 

20% 

Follow.  Seas 

27 

10% 

22% 

Rms  Stress  < 1.0 

59 

ICP/o 

44% 

1.0  < 2.0 

81 

10% 

13% 

> 2.0 

57 

10% 

6% 

2%  or  lower  level  of  significance  was  as  apt  to  occur  with  a 100  point  sample 
as  with  a 50  point  sample. 

The  maxima  and  minima  of  stress  (main  excursions)  are  more  to  the  point 
for  structural  purposes.  Also, there  is  less  lack  of  justification  mathema- 
tically for  assuming  the  Rayleigh  distribution.  Accordingly,  the  tests  on  the 
extreme  sample  value,  the  Chi-Square  tests,  and  the  Kolmogorov-Smi rnov  tests  were 
run  on  both  the  main  extremes  in  tension  and  those  in  compression.  The  distribution 
parameter  for  the  tests  on  extreme  sample  value  and  the  Chi-Square  test  was  fitted 
to  the  data.  The  distribution  parameter  for  the  Kolmogorov-Smi rnov  test  was  the 
process  rms  as  computed  from  the  filtered  time  series.  The  results  of  these  tests 
are  shown  in  Tables  C-k  and  C-5. 

As  far  as  the  test  on  sample  extremes  is  concerned,  the  failure 
rate  for  tension  (Table  C-k)  appears  about  as  expected  and  in  line  with 
that  for  double  amplitudes.  The  failure  rate  for  compression  (Table  C-5)  is 
about  twice  that  expected,  with  no  consistent  indication  of  correlation  with 
heading,  stress  or  portion  of  low-frequency  variance. 

The  overall  rates  of  failure  of  the  Chi-Square  tests  shown  in 
Table  C-k  and  C-5  are  much  higher  than  the  rate  for  doub’?  amplitudes  (Table  C-3) • 
Correlation  of  failure  rate  with  heading  is  as  inconclusi , ; as  with  the  double 
amplitudes.  The  apparent  correlation  with  stress  level  noted  for  double  amplitudes 
is  not  borne  out.  However,  something  approaching  significance  appears  in  the 
correlation  with  the  portion  of  low-frequency  variance.  In  effect, it  appears  that 
60%  of  all  the  cases,  in  which  low-frequencies  contribute  more  than  25%  to 
variance, failed. 

Since  on  average  the  cases  In  which  25%  or  more  of  variance  is 
attributable  to  low-frequencies  are  also  the  cases  with  the  smallest  sample 
size,  the  Kolmogorov-Smi rnov  tests  were  also  correlated  on  this  basis.  The 
advantage  of  the  Kolgomorov-Smi rnov  tests  is  that  it  is  considered  more 
applicable  to  small  samples  if  the  distribution  parameter  is  known.  The 
parameter  (process  rms)  is  estimated  to  within  ± 10%,  and  the  results  shown 
in  the  tables  were  produced  with  the  process  rms  as  the  distribution  parameter. 

As  may  be  noted,  the  failure  rates  for  the  Kolmogorov-Smi rnov  tests  confirm 
the  failure  rates  for  the  Chi-Square  tests  very  closely. 


Some  perturbations  of  the  Kolmogorov-Smi rnov  tests  were  also  made. 
The  tests  were  run  with  the  distribution  parameter  fitted  to  the  data  as 
had  been  done  for  the  Chi-Square  tests.  In  this  case, the  failure  rates 


were  even  closer  to  those  for  the  Chi-Square  tests,  and  there  were  rela- 
tively few  cases  where  the  two  tests  did  not  agree  at  the  5%  level  of 
significance.  The  next  perturbation  of  the  Kolmogorov-Smi rnov  test  was 
to  test  with  distribution  parameters  90%  and  110%  of  the  process  rms.  In 
21  cases,  the  result  of  one  perturbation  or  the  other  increased  the  level 
of  significance  of  the  result  to  above  5?.  However,  in  only  5 cases  (2-1/2%  of 
the  total)  did  this  fail  to  agree  with  the  Kolmogorov-Smi rnov  test  results 


TABLE  C-4 

Summary  of  Tests  for  Fit  to  the  Rayleigh  Distribution 
of  Wave- Induced  Main  Extremes  In  Tensile  (Hogging) 
Stress  Found  in  the  SL-7  Data  Sub-Set 


Grouping 

No.  of 
Tests 

Fai lure  Rate 
on  Maximum 
Value 

(10%  Expected) 

Failure  Rate 
on  Chi -Square. 
Test 

(5%  Expected 

Fai lure  Rate 
on  Kolmogorov- 
Smirnov  Test 
(5%  Expected) 

A1 1 Records 

197 

10% 

34% 

38% 

Nomina]  Head  Seas 

32 

6% 

6% 

Not 

Bow  Seas 

62 

8% 

29% 

Evaluated 

Beam  Seas 

22 

10% 

36% 

Q,tr.  Seas 

54 

13% 

56% 

Follow.  Seas 

27 

10% 

37% 

Rms  Stress  < 1.0 

59 

8% 

27% 

1.0  < 2.0 

81 

13% 

45% 

> 2.0 

57 

7% 

28% 

Low-Frequency 
Contribution  to 
Variance 

Less  than  4% 

67 

7% 

9% 

7% 

4 to  9% 

14 

0% 

7% 

0% 

9 to  16% 

10 

10% 

20% 

20% 

16  to  25% 

7 

0% 

16% 

43% 

over  25% 

99 

13% 

59% 

66% 
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TABLE  C-5 


Summary  of  Tests  for  Fit  to  the  Rayleigh  Distribution 
of  Wave-Induced  Main  -Extremes  In  Compressive  (Segglng) 
Stress  Found  In  the  SL-7  Date  Sub-Set 


Grouping 

No.  of 
Tests 

Fai lure  Rate 
on  Maximum 
Value 

(10%  Expected) 

Failure  Rate 
on  Chi-Square 
Test 

(5%  Expected) 

Failure  Rate 
on  Kolmogorov- 
Smirnov  Test 
(5%  Expected) 

A1 1 Records 

197 

25% 

39% 

37% 

Nominal  Head  Seas 

32 

30% 

25% 

Not 

Bow  Seas 

62 

29% 

26% 

Evaluated 

Beam  Seas 

22 

14% 

64% 

Qtr.  Seas 

54 

30% 

54% 

Follow.  Seas 

27 

10% 

33% 

Rms  Stress  <1.0 

59 

6% 

29% 

1.0  to  < 2.0 

81 

30% 

47% 

> 2.0 

57 

30% 

39% 

Low-Frequency 
Contribution  to 
Variance 

Less  than  4% 

67 

31% 

18% 

7% 

4 to  9% 

14 

21% 

14% 

0% 

9 to  16% 

10 

10% 

20% 

10% 

16  to  25% 

7 

10% 

40% 

14% 

over  25% 

99 

24% 

60% 

60% 
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Of  most  significance  with  respect  to  the  results  of  both  Chi- 
Square  and  Kolmogorov-Smi rnov  tests  is  that,  in  each  case,  in  about  25% 
of  all  the  sets  of  data,  the  goodness-of-f I t tests  were  failed  at  less 
than  a 2 % level  of  significance.  Interpreting  the  Kolmogorov-Smi rnov 
tests  in  the  most  liberal  way,  the  perturbation  on  the  distribution 
parameter  would  not  decrease  the  percentage  of  very  significant  failures 
to  less  than  151.  In  at  least  151  of  all  Intervals  either  goodness-of- 
flt  test  failed  very  badly. 

A final  correlation  of  failure  rates  was  attempted  by  examining 
the  test  results  for  the  11  records  where  ship  speed  was  less  than  15  knots. 

In  this  case,a11  the  Chi-Square  tests  on  main  extremes  In  tension  were 
passed  at  10%  or  higher  levels  of  significance,  and  In  only  one  case  was 
the  Kolmogorov-Smi rnov  test  failed  at  the  5%  level.  Similarly,  all  the 
Kolmogorov-Smi rnov  tests  on  the  main  extremes  In  compression  were  passed 
at  10%  or  higher  levels  of  significance,  three  out  of  the  11  Chi-Square 
tests  were  failed  at  the  5%  level.  Had  the  11  low  ship  speed  records  been 
the  only  ones  aval  1 able, there  would  have  been  little  hesitation  in  accepting 
the  general  Rayleigh  hypothesis.  It  is  apparent  from  the  documentation 
(ref  27)  of  the  data  sub-set  that  the  SL-7  slowed  down  to  less  than  15  knots 
only  when  the  sea  conditions  were  extraordinarily  severe  and, under  these 
circumstances, the  ship  heading  was  altered,lf  necessary,  to  the  head  or  bow- 
sea  case. 

With  respect  to  the  SL-7  data, the  above  evidence  appeared  to  cast 
considerable  doubt  on  the  general  Rayleigh  assumption.  Failure  rates, 
approaching  8 times  that  expected, seemed  quite  significant.  The  correlations 
carried  out  suggested  that  the  large  Incidence  of  mathematically  broad-band 
stress  response  was  at  the  root  or  the  problem.  A high  incidence  of  exception 
ally  broad-band  response  may  be  expected  for  a 30-knot  ship  which  spends  half 
its  sea  time  In  quartering  or  following  waves. 

Given  the  above  results  for  the  SL-7,  It  was  of  interest  to  use 
the  same  procedures  on  the  90  good  records  available  for  the  FOTINI-L. 

Since  the  FOTINI-L  Is  a much  slower  ship,  and  since  a much  smaller  incidence 
of  ultra  broad-band  response  was  noted  in  the  records,  It  was  expected  that 
a much  lower  failure  rate  would  be  experienced  if  the  problems  with  the  SL-7 
data  had  been  correctly  diagnosed. 

All  the  same  procedures  as  noted  above  for  SL-7  were  applied  to  the 
FOTINI-L  data.  Table  C-6  summarizes  the  failure  analysis  for  both  Chi-Square 
and  Kolmogorov-Smi rnov  tests  as  applied  to  main  extremes  in  tension,  main 
extremes  in  compression,  and  to  "double  amplitudes"  as  defined  in  Figure 
C-18.  In  all  cases,  Che  expected  failure  rate  was  5%.  In  the  table  the 
Chi-Square  test  Is  abbreviated  "Xz  test"  and  the  Kolmogorov-Smi rnov  test  is 
abbreviated  "K-S  Test". 

Considering  the  results  in  Table  C-6,  the  overall  failure  rates  for 
maximum  tensions  and  compressions  are  higher  than  would  be  desirable  for 
unconditional  acceptance  of  the  Rayleigh  hypothesis  but  much  lower  than 
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the  corresponding  rates  for  the  SL-  7.  The  overall  failure  rate  for  double 
amplitudes  is  quite  high--higher  than  would  justify  blanket  acceptance  of  the 
Rayleigh  hypothesis.  Some  auxiliary  groupings  of  the  failures  were  made  and 
these  illuminate  the  sources  of  the  problem.  One  grouping  was  upon  rms  stress. 
There  is  a tendency  for  the  Rayleigh  hypothesis  to  fall  down  for  low-stress  levels. 

Because  the  "low-frequency  contribution"  grouping  used  to  correlate 
the  SL-7  results  was  not  considered  an  entirely  successful  gambit,  an  alternate 
classification  of  stress  spectrum  shape  was  made.  The  FOTINI-L  stress  spectra 
were  classified  by  inspection  into  four  qualitative  groups: 

a)  "Normal,  single  peak" 

These  spectra  were  single  peaked  and  were  about  as 
broad  relative  to  modal  frequency  as  are 
most  published  wave  and  response  spectra. 

b)  "Very  narrow" 

Wave-induced  spectral  density  concentrated  in  a very 
narrow  band  as  would  be  the  case  for  a swell  spectrum. 

c)  "Double  peak" 

Two  or  more  well  defined  peaks  but  no  very  low-frequency 

components. 

d)  "Containing  very  low-frequency  energy" 

Spectra  with  significant  or  at  least  some  energy 
content  near  zero  frequency. 

Under  this  grouping  the  failure  rates  are  better  understood.  The 
failure  rate  for  very  narrow  spectra  are  near  enough  the  expected  value  that 
the  Rayleigh  hypothesis  would  be  accepted.  Failure  rates  of  records  having 
broad  spectra  are  higher  and  appear  to  be  the  main  reason  for  the  overall 
somewhat  high  failure  rate.  It  is  notable  that  even  in  the  case  of  FOTINI-L 
the  assumption  that  stress  double  amplitudes  are  Rayleigh  distributed  might 
well  be  used  with  care. 

Tests  of  a More  General  Hypothesis  For  the  Distribution  of  Wave-Induced 
Stress  Maxima  and  Minima 

With  respect  to  state-of-art  predictions  of  loads  or  stresses,  the 
results  of  the  tests  just  described  had  serious  implications  with  respect  to 
both  the  extrapolations  of  short-term  predictions  to  long-term  predictions 
and  indirectly  the  validity  of  the  linear-random  short-term  predicition  method. 

The  tests, of  course^could  not  shed  light  upon  what  the  short-term  distribution 
was  if  it  was  Rayleigh,  but  the  symptoms  clearly  indicated  non-narrow 
bandedness  to  be  at  the  root  of  the  problem,  and  it  appeared  sufficient  to 
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concentrate  upon  the  SL-7  data  where  the  worst  of  the  problem  appeared  to  be. 


Clearly,  the  next  step  was  to  hypothesize  that  the  stress  maxima 
followed  the  theoretical  distribution  (Ref *35)  for  the  maxima  of  a 
tinea/  random  Gaussian  zero  mean  process  of  arbitrary  band  width.  For 
present  purp'.ses  the  distribution  will  be  called  the  "Cartwr ight-Longuet- 
Higgins  distribution"  or  "CLH"  distribution  after  the  authors  of  Ref.  35- 
Under  this  hypothesis  the  probability  density  of  the  maxima  of  the  process 
may  be  represented  as: 


POD  “ 


(cExp[-T|8/2cS]  +/-«%  Exp  [-Tf/2] 

. i (Ti  /(i-cVeai)//?r 


where: 


^ = normalized  variate 
- Xl/o- 

X i°  the  maxima  of  the  process 
a « process  rms  or  square  root  of  variance 
* = spectrum  broadness  parameter 
$(a)  = J Exp|"-t8/2jdt 

The  maxima  and  minima  of  the  non-narrow -band  process  are  also  theoretically 

statistically  symmetric  so  that  If  the  minima  are  denoted  Y,  the  normalized 
variate  becomes  1^-y/o 

When  the  broadness  parameter  approaches  unity  (zefo)  the  CLH  distribution 
approaches  the  normal  (Rayleigh  ).  ' l'Ln  <»' strioutlon 

•"making  a fit  of  this  distribution  to  a sample,two  approaches  are 

both  ofeiheTdlJ  ?hMnVO,VeS  know,ed9e  of  the  stress  spectra  from  which 
both  of  the  distribution  parameters  required  may,  in  principled  computed 

JroSbl!™  °h  th*  br°adn?ss  Parameter  from  the  spectrum  is  numericafly 
troublesome  however, and,  in  the  tests  to  be  descr ibed,the  second  alternate 

'»  this  approach  th.  distribution  pa“™t‘rs  a“ 
fitted  directly  to  the  sample  of  maxima  or  minima  as  follows: 

Given  a sample  of  "N"  maxima,  XI,  (l=  1...N) 


Form: 
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41 

i=l 

N 

41 
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xi 


a 


Xi 


Then: 

q - fitted  process  RMS 
m ~ 2 ($i)8/tt 


e - fitted  broadness  parameter 
■ /,  - £2p/(n-2p)] 

The  procedures  noted  in  Appendix  C-5  which  were  used  in  making  the 
various  "goodness- of- f i t"  tests  to  the  CLH  distribution  are  no  different 
In  principle  from  those  for  the  Rayleigh.  There  is  more  computation  in- 
volved and  It  is  necessary  to  allow  for  the  extra  fitted  parameter  in  the 
degrees  of  freedom  associated  with  the  sample  statistics. 

There  is  a fundamental  difference  In  checking  the  applicability  of 
this  distribution  to  the  short-term  stress  data.  It  is  that  the  sample 
must  be  composed  differently.  Referring  topjgure  C-18,  al I the  maxima 
and  minima  must  be  found  Instead  of  just  the  main  extreme,  and  no  zero 
crossing  convention  Is  assumed.  The  process  of  finding  all  the  maxima 
of  the  wave- induced  records  Is  more  sensitive  to  minor  components  of 
vibration  left  after  filtering  than  the  process  to  find  main  extremes. 
Accordingly,  in  re-processing  the  SL-7  records  the  digital  filter  used 
In  developing  the  main  extremes  was  replaced  by  one  which  rejected  almost 
39%  of  the  first-mode  vibration  instead  of  96  1/2%.  Apart  from  this,  the 
end  product  of  the  process  was  quite  similar  to  that  which  produced  the 
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main  extremes  in  that  an  array  of  the  maxima  (tension)  and  an  array  of 
minima  (compression)  in  each  record  was  obtained  and  stored  in  the  order  ^ 

found.  As  expected,  the  process  resulted  in  more  maxima  per  20-minute  record 
than  main  excursions.  The  differences  were  largest  in  quartering  and  follow- 
ing-sea cases  where  there  were  typically  found  to  be  three  times  as  many 
maxima  as  main  excursions. 

Run  tests  were  performed  on  this  data  as  before} each  sample  of 
maxima  and  minima  was  decimated  to  minimize  the  effects  of  sequential 
correlation,  and  the  three  hypothesis  tests  described  in  Appendix  C-5 
were  performed  on  each  sample. 

The  failure  analyses  are  summarized  in  Tables  C-7  and  C-8.  Table 
C-7  pertains  to  the  wave- induced-maxima  (tensile  peaks)  and  Table  C-8 
pertains  to  the  minima.  The  first  line  of  the  tables  shows  overall  failure 
rates  much  more  in  line  with  those  expected  if  the  distribution  hypothesis 
is  generally  true.  The  Kolmogorov-Smi rnov  test  results  failed  less  than 
expected,  the  Chi-Square  tests  somewhat  more.  Inspection  of  the  detail 
of  the  tests  disclosed  that  the  majority  of  failure  of  the  tests  on  compressive 
extremes  (Table  C-8)  involved  sample  extremes  just  outside  the  90 % confidence 
bounds  so  that  this  failure  rate  is  not  perhaps  of  too  much  concern.  In 
the  case  of  the  Chi-Square  tests  on  compressive  minima,  there  was  a much 
lower  incidence  of  failures  at  very  low  significance  levels  than  was  the  case 
with  the  tests  on  main  extremes. 

As  before,  the  failures  were  classified  into  several  groupings; 
on  nominal  heading,  on  the  fitted  rms  stress  (8)  and  on  the  fitted 
broadness  parameter  (e) . The  rates  of  failure  appear  relatively  uniform 
across  these  groupings. 

Those  results  indicate  that  the  statistics  of  the  SL-7  short-term 
stress  records  are  consistent  with  those  expected  under  the  linear-random 
prediction  theory  for  arbitrary  band-width;  that  is,  consistent  with  the 
two  parameter  CLH  distribution. 

Again,  the  testing  procedure  produced  two  estimates  of  the  process 
rms  (a),  one  from  all  the  maxima  of  each  record  and  one  from  all  the  minima. 

These  pairs  of  estimates  are  plotted  for  all  the  records  in  Figure  C-21. 

The  degree  of  symmetry  Is  virtually  the  same  as  that  obtained  in  the  analysis 
of  main  extremes,  Figure  C - 1 9 . On  the  average  the  process  rms  estimated 
from  the  minima  (maxima  in  the  compressive  or  sagging  sense)  is  again  shown 
to  be  about  6%  more  than  the  results  obtained  from  the  maxima. 


TABLE  C-7 


Suinnary  of  Tests  for  Fit  to  the  CLH  Distribution 
of  Wave-Induced  Maxima  (Tensions)  of  ShorlrTerm 
Stress  Records  in  the  SL-7  Data  Sub-Set. 


Grouping 

No.  of 
Tests 

Failure  Rate 
on  Maximum 
Value 

(10%  Expected) 

Fai lure  Rate 
on  Chi-Square 
Test 

(5%  Expected) 

Failure  Rate 
on  Kolmogorov- 
Smi rnov  Test 
(5%  Expected) 

All  Records 

197 

9 

7 

1 

Nominal  Head  Seas 

32 

9 

3 

3 

Bow  Seas 

62 

6 

5 

0 

Beam  Seas 

22 

10 

0 

0 

Qtr.  Seas 

54 

11 

15 

0 

Follow.  Seas 

27 

7 

7 

0 

Fitted 

Rms  Stress  <1.0 

62 

8 

3 

0 

1.0  < 2.0 

82 

10 

6 

1 

> 2.0 

53 

7 

13 

0 

Fitted  Broadness 
Parameter,  • 


0 < .2 

9 

11 

0 

11 

.2  < .4 

33 

9 

12 

0 

.4  < .6 

36 

5 

3 

0 

• 

ON 

A 

e 

00 

29 

14 

14 

0 

.8  <1.0 

90 

8 

6 

0 

C-55 


TABLE  C-8 


Summary  of  Tests  for  Fit  to  the  CLH  Distribution 
of  Wave- Induced  Minima  (Compressions)  of  Short- 
Term  Stress  Records  in  the  SL-7  Data  Sub-Set 


| 


Grouping 

No.  of 
Test 

Fai lure  Rate 
on  Maximum 
Value 

(10%  Expected) 

Fai lure  Rate 
on  Chi-Square 
Test 

(5%  Expected) 

Failure  Rate 
on  Kolmogorov- 
Smi rnov  Test 
(5%  Expected) 

All  Records 

197 

18 

12 

1 

Nominal  Head  Seas 

32 

22 

19 

0 

Bow  Seas 

62 

19 

14 

3 

Beam  Seas 

22 

9 

13 

0 

Qtr.  Seas 

54 

20 

7 

0 

Follow.  Seas 

27 

15 

4 

0 

Fitted 

Rms  Stress  <1.0 

56 

18 

11 

2 

1.0  < 2.0 

77 

14 

12 

0 

> 2.0 

64 

20 

10 

1 

Fitted  Broadness 

Parameter,  « 

0 < .2 

l 

0 

0 

0 

.2  < .4 

5 

20 

0 

0 

.4  < .6 

59 

15 

18 

3 

.6  < .8 

38 

29 

13 

0 

.8  < 1.0 

94 

16 

7 

0 

Minim 
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FIG.  C-23  - COMPARISON  OF  SQUARED  BROADNESS  PARA- 
METER ESTIMATES  FROM  THE  MAXIMA  AND 
MINIMA  IN  THE  SL-7  STRESS  RECORDS 


Most  of  the  previous  troubles  with  the  application  of  the  Rayleigh 
distribution  to  the  SL-7  data  are  explained  by  the  incidence  of  various 
values  of  the  estimated  broadness  parameter  . This  incidence  is  shown 
graphically  in  Figure  C-22,  where  both  the  results  derived  from  the  record 
maxima  and  those  derived  from  the  minima  are  shown.  A very  rough  correlation 
of  the  broadness  parameter  with  heading  indicates  that  values  of  between 
0.8  and  1.0  correspond  to  quartering  and  following  seas.  What  the  results 
Indicate  is  that  almost  half  the  time  the  distribution  of  maxima  or  minima 
in  the  SL-7  stress  records  is  nearly  Normal.  There  is  very  little  incidence 
of  broadness  parameters  between  0 and  0.2.  Since  the  theoretical  distribu- 
tion In  this  range  is  nearly  Rayleigh.,  there  Is  very  little  incidence  of  the 
purely  Rayleigh  response  in  the  data  set. 

The  statistical  symmetry  assumption  also  requires  that  the  broadness 
parameter  be  the  same  for  maxima  and  minima.  A result  of  the  procedure 
was  estimated  of  £ from  the  minima  and  maxima  of  the  same  record.  The 
squared  values  of  these  pairs  of  estimates  are  compared  in  Figure  C-23. 

For  values  of  e above  0.5  ( e < 0.7)>  the  results  Imply  quite  good  symmetry. 
The  results  below  t2*  0.5  are  quite  scattered  but  imply  much  less  good 
symmetry.  A rough  translation  is  that  in  this  range  there  appear  to 
have  been  more  secondary  oscillations  in  the  hogging  stress  excursions 
above  the  mean  than  in  sagging  stress  excursions  below  it. 


APPENDIX  C-5 


STATISTICAL  TESTING  TOPICS 


Introduct Ion 

In  analyses  of  the  data  sub-sets  for  FOTINI-L  and  the  SL-7,  it  was 
desired  to  make  various  tests  of  "goodness-of-f i t"  to  data  drawn  from  each 
individual  record. 

The  type  of  question  it  was  desired  to  answer  was  of  the  form: 

Regardless  of  environmental  conditions,  ship  speed,  etc.,  can  a given 
component  of  the  stress  data  be  reasonably  considered  as  having  been 
drawn  from  a population  having  a particular  distribution? 

The  broadness  of  the  question  is  dictated  by  the  breath  of  the  over- 
all problem  which  Is  the  prediction  of  loads  and  stresses  over  periods 
of  time  equivalent  to  ship  lives. 

The  large  volume  of  data  in  the  various  data  bases  previous  dis- 
cussed necessitated  a certain  amount  of  automation  of  the  analyses.  The  tests 
Involved  were  all  statistical  hypothesis  test  procedures  and  it  is  in 
order  to  discuss  some  of  the  caveats.  No  hypothesis  test  can  indicate  with 
absolute  certainty  that  something  Is  true  or  false.  In  all  cases, there  is 
a "level  of  significance"  of  some  sort  designed  Into  the  test.  The  level 
of  significance  can  be  Interpreted  as  the  probability  of  rejecting  a hypoth- 
esis on  the  basis  of  an  individual  sample  when  It  is  really  true.  Unfortunate- 
ly, a designed  zero  level  of  significance  corresponds  to  an  automatic  accept- 
ance of  the  hypothese  regardless  of  Its  truth.  The  usual  pnilosophy  is  to 
design  the  test  for  a 5 or  sometimes  10%  probability  of  failure,  and  to  make 
pass/fail  determinations  rigorously  on  this  basis  for  each  individual  case. 

If  an  individual  case  is  failed  at  the  nominal  level  of  significance,  the 
meaning  of  the  failure  is  assessed  in  terms  of  the  level  of  significance  at 
which  the  test  would  be  passed.  Thus  if  a particular  sample  fails  at  the 
5%  level  of  significance  but  would  have  passed  had  the  test  been  designed  for 
i*%,  the  failure  Is  not  considered  too  significant.  On  the  other  hand  if  the 
test  could  only  be  passed  if  the  test  had  been  designed  for  0.1%  level  of 
significance,  the  failure  must  be  considered  highly  significant. 

However,  it  can  be  noted  that  if  repeated  tests  of  independent  samples 
truly  drawn  from  a hypothesized  population  are  made  at  the  5%  level  of 
significance,  it  would  be  expected  that  the  rate  of  failure  of  the  tests 
should  approach  5%>  This  point  of  view  was  espoused  in  the  present  work  in  order 
to  attempt  to  interpret  the  results  of  the  large  number  of  tests  which  were  made. 

To  1 1 lustrate, for  a particular  case  of  interest  it  may  be  presumed  that  the 
data  sub-sets  are  a reasonable  representation  of  all  nominal  conditions.  If  the 
hypothesis  is  made  that  the  maxima  of  tensile  stresses  are  always  distributed  in 
the  short  term  according  to  the  Rayleigh  distribution,  and  thifr  hypothesis’ 
is  tested  at  the  5%  level  of  significance  for  all  of  the  available  sets  of  short- 
term data,  it  would  be  expected  that  a roughly  5%  failure  rate  would  be  experienced 
if  the  hypothesis  is  always  true,  and  a much  larger  failure  rate  would  be  observed 
if  the  hypothesis  is  not  always  (or  never)  true. 
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GWen  this  overall  philosophy,  the  remainder  of  the  present  appendix 
is  given  over  to  a documentation  of  some  of  the  detail  of  the  various  tests 
utilized. 

Sequential  Correlation 

The  various  hypothesis  tests  to  be  described  are  predicated  upon  a 
statiscaiiy  independent  sample,  and  such  tests  are  failed  for  various 
reasons  .principally: 

a.  If  the  sample  does  not  fit  the  hypothesized  distribution. 

b.  Due  to  sampling  variability  even  if  the  sample  Is  actually 
drawn  from  a population  having  the  hypothesized  distribution. 

c.  if  the  data  contain  trends  or  are  not  statistically  Independent 
samples . 

Items  a and  b are  taken  care  of  by  the  testing  procedure;  Item  c is  not. 
Sequences  of  maxima  or  minima  from  band-limited  processes  are  often 
sequentially  correlated.  In  the  limit  of  an  Ideally  narrow- band  process, 
succeeding  maxima  are  almost  perfectly  correlated. 


One  way  to  assess  the  magnitude  of  sequential  correlation  is  to  per- 
form a "Run"  test,  Ref‘3**.  The  run  test  Is  a non-parametrlc  test  used  to 
to  Indicate  fluctuating  trends.  In  this  test, it  is  hypothesized  that  each 
observation  is  independent  of  Its  neighbors.  Under  this  hypothesis,  the 
probability  of  a sample  point  being  greater  or  less  than  the  sample  median 
does  not  change  from  observation  to  observation,  and  this  makes  possible 
the  construction  of  a confidence  Interval  on  the  number  of  "runs"  of  data 
greater  or  less  than  the  sample  median. 

In  application  to  short-term  stress  data  (sequences  of  maxima,  minima, 
or  the  like),  the  tests  were  repeated  using  every  jth  data  point  In  the 
sequence  (j-1 ,2,3. • .) . From  these  results,  it  was  possible  to  develop  a data 
Increment  (J,say)  for  each  record  such  that  when  every  J**1  piece  of  data 
was  used  to  form  a sample,  that  sample  would  pass  the  run  test  at  the  95% 
confidence  level.  This  procedure  does  not  guarantee  success  of  course,  but 
does  seem  to  remove  the  worst  effects  of  sequential  correlation. 

Test  Procedures  for  "Goodness- of- Fit" 


Three  types  of  tests  were  used  to  test  the  hypothesis  that  the  data 
fit  some  particular  distribution.  In  all  cases  the  data  to  be  checked  were 
decimated  to  remove  serial  correlation  according  to  the  results  of  the  run 
tests  just  discussed. 

The  first  type  of  test  Is  not  a conventional  goodness-of-tf 1 1 test. 
It  was  simply  a determination  If  the  largest  element  In  the  sample  ley 
within  the  901  confidence  bounds  on  the  maximum  In  e sample  of  the  given 
size  from « populat Ion  having  the  hypothesized  distribution. 
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The  second  test  Is  the  conventional  Chi-Square  Test.  In  this  test, 
the  parameters  of  the  hypothesized  distribution  are  fitted  to  the  sample  data, 
the  data  ere  sorted  into  class  intervals  and  the  sample  cht-square  statistic 
computed  In  the  usual  way.  Except  as  noted,  all  tests  were  performed  using 
the  equl-probabl I Ity  class  Interval  method.  In  this  approach,  the  boundaries 
of  the  class  Interval  are  chosen  so  that  the  expected  sample  frequency  is  the 
same  In  all  intervals  (and  equal  to  l/(number  of  class  Intervals).  The 
number  of  class  Intervals  was  chosen  according  to  the  sample  size  according 
to  an  extrapolation  of  recommendations  given  In  Ref.  3*».  for  the  optimiza- 
tion of  Chi-Square  tests  at  the  5$  level  of  sTgntf fcance.  The  expected 
number  of  sample  points  per  class  interval  resulting  from  this  method  is 
as  fol lows: 


Sample  Size 


Expected  Number  of  Sample 
Points  Falling  In  Each 
Class  Interval 


200 

100 

50 

20 


13 

8 

5 

3 


To  evaluate  the  adequacy  of  the  fit,  an  evaluation  was  made  of  the 
percentage  point  of  the  Chi-Square  distribution  with  (number  of  class  intervals-2) 
degrees  of  freedom  corresponding  to  the  sample  Chi-Square  statistic. 


The  third  test  was  the  Kolmogorov- Smirnov  test  as  outlined  in  Ref. 
19.  In  this  test  the  maximum  deviation  between  the  sample  cumulative 
distribution  and  the  hypothesized  cumulative  distribution  Is  computed.  A 
statistic, approximately  Chi-Square  distributed  with  2 degrees  of  freedom, 
is  formed  by  multipyling  the  squared  maximum  deviation  by  four  times  the 
sample  size.  The  percentable  point  of  the  Chi-Square  distribution  with  2 
degrees  of  freedom  corresponding  to  this  statistic  is  then  evaluated,  and 
this,  In  turn, Is  used  to  Interpret  the  test. 
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FURTHER  DEVELOPMENT  OF  TRENDS  OF  VIBRATORY  STRESS 

Introduction 


The  results  In  Appendicies  C-2  and  C-3  suggested  that  some  further 
examination  of  the  statistics  of  the  maximum  vibration  (maximum  burst  ) 
data  contained  in  the  Teledyne  data  bases  would  be  in  order  for  the 
FOTINI-L  and  SL-7.  In  the  case  of  FOTINI-L, the  influence  of  the  apparently 
spurious  data  noted  in  Appendix  C-3  was  of  interest.  It  was  also  of  interest 
to  combine  the  maximum  SL-7  vibration  data  from  all  the  three  recording  sea- 
sons since  this  was  not  possible  in  the  early  stages  of  the  work.  Finally, 
it  was  desirable  to  see  if  a fit  of  the  maximum  vibration  data  could  be  made 
in  some  sense  to  some  analytical  distribution  . 

Revised  Trends  of  Maximum  Vibration  Double  Amplitudes  with  Beaufort  Number 

As  noted  in  Appendix  C-l,  the  maximum  vibration  data  for  all  three  SL-7 
measurement  seasons  was  available  in  a later  stage  of  the  work.  The  com- 
bined three 'seasons  data  base  Invol ves  nearly  5000  records  so  that  the  elimination 
of  the  few  spurious  records  noted  in  Appendix  C-3  had  no  visible  affect  upon 
the  scatter  of  maximum  vibration  data.  Since  the  incidence  of  problems  in  the 
data  sub-set  is  quite  low, it  appeared  likely  that  the  Incidence  in  the  entire 
data  base  was  also  quite  low.  As  In  the  description  of  the  first  two~seasons 
data  in  Appendix  C-2,  there  are  in  the  combined  three-seasonsdata  base  a 
large  number  of  maximum  vibration  double  amplitudes  between  3000  and  10000  psi. 
The  addition  of  third'season  data  increased  the  number  of  vibration  double 
amplitudes  above  1000  psi  from  5 to  7.  All  seven  of  these  instances  appear 
to  be  associated  with  either  severe  Beaufort  winds  or  high  wave-induced  stresses. 
Though  there  aretrdoubtedly  spurious  pieces  of  maximum  vibration  double- 
amplitude data  remaining  In  the  combined  data  base,  there  appeared  no  reasonable 
alternative  to  assuming  that  the  incidence  was  too  low  to  affect  subsequent 
operations. 

Essentially  the  same  two-way  classification  of  data  described  in 
Appendix  C-2  was  carried  out  upon  the  combined  SL~7  data  base.  The  means 
in  each  classification  cell  were  computed  and  compared  with  the  results  in 
Figure  C-6  and  C-7. 

A graphical  presentation  of  these  results  is  omitted  since  no 
clarification  of  the  trends  relative  to  those  already  shown  for  the  second 
season  (Figures  C-6  and  C~7)  was  apparent. 

In  the  case  of  the  FOTINI-L  data,  the  data  sub-set  had  been  selected 
on  the  basis  that  it  contained  most  of  the  unusually  high  vibratory  response. 


As  noted  in  Appendix  C-3  a good  deal  of  this  vibratory  response  was  spurious. 
Accordingly,  the  FOTINI-L  data  base  was  revised  by  first  discarding  the  78 
records  questioned  in  Appendix  C-3,  and  twelve  additional  records  which 
were  not  in  the  sub-set  but  which  had  been  recorded  just  before  or  after 
records  In  which  nearly  continuous  malfunction  was  noted  in  Appendix  C-3. 

This  action  reduced  the  FOTINI-L  data  base  from  1550  records  to  1455,  and 
had  the  effect  of  significantly  reducing  the  incidence  of  very  high  vibration 
amplitudes.  In  the  revised  data  base, there  are  just  19  points  falling  between 
3000  and  8000  psi,  and  only  one  in  excess  of  8000  psi — effectively  S8.S%  of 
the  vibration  amplitudes  are  below  3000  psi. 

A two-way  classification  of  vibration  double  amplitudes  for  FOTINI-L 
was  done  in  nearly  the  sane  way  as  indicated  in  Appendix  C-2.  Because  there 
are  only  46  instances  of  Beaufort  8 and  above  in  the  revised  data  basefall 
base  data  were  grouped.  Similarly,  Beauforts  0 and  1 were  grouped.  The 
second  part  of  the  classification  was  upon  ship-wave  heading  as  in  Figure 
C-9,  with  the  additional  class  "no  headinq  qiven"  included.  The  mean  vibration 
in  each  classification  cell  was  computed, countinq  vibration  below  the  1000 
psi  threshold  as  500  psi,  and  the  revised  trends  with  Beaufort  number  and 
speed  are  shown  in  Figure  C-24.  Relative  to  Figure  C-9,  the  revised  trends  have 
somewhat  less  scatter,  and  the  means  of  the  maximum  burst  data  are  below 
the  1000  psi  threshold  for  all  Beaufort  numbers  below  6.  The  relatively 
high  means  for  beam  and  quartering  seas  for  Beaufort  numbers  of  6 and  higher 
arise  from  the  average  of  very  few  points.  The  revised  averages  of  all 
data  indicate  a milder  upward  trend  with  Beaufort  number  than  might  be 
inferred  from  Figure  C-9. 

It  was  seen  from  the  results  of  the  two-way  classification  that 
much  of  the  confusion  in  the  trends  with  heading  and  Beaufort  number 
resulted  from  too  few  members  in  each  classification  cell.  In  the  FOTINI-L 
data  base,  there  are  822  records  where  heading  was  recorded.  The  two-way 
classification  requires  8 x 5=  40  cells,  so  that, on  average, there  are 
expected  to  be  only  about  20  records  in  each  cell.  In  the  event, 
there  were  typically  4 to  7 records  in  each  of  the  classification  cells 
for  the  high  Beaufort  numbers--possibly  too  few  for  firm  generalizations. 
Accordingly,  it  appeared  worthwhile  to  examine  trends  with  Beaufort  number 
alone,  that  is,  to  ignore  heading  and  speed.  A one-way  classification 
allows  more  detail  for  the  statistics  of  the  maximum  vibration  to  be 
indicated.  An  attempt  in  this  direction  is  shown  in  Figure  C-25.  The 
Beaufort  number  classification  is  as  in  the  previous  figure  and 
the  mean  of  all  vibration  amplitudes  for  each  Beaufort  number  is  given. 

In  additionjfor  each  Beaufort  number,  the  single  maximum  vibration  double 
amplitude  is  plotted  along  with  approximate  contours  of  constant  empirical 
probability.  The  convention  followed  is  that  the  stated  percentage  of  all 
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records  falling  in  a particular  Beaufort  classification  contain  maximum 
vibratory  double  amplitudes  less  than  the  value  plotted. 

It  is  thought  that  Figure  C-25  puts  the  maximum  vibration  amplitudes 
in  the  FOTINI-L  data  base  in  better  perspective. 

The  summary  data  indicates  that  the  single  instance  of  vibration 
of  7000  psi  in  Beaufort  1 was  associated  with  very  low  wave-induced  stress 
and  occurred  within  one  "burst"  (see  Appendix  C-2),  that  is,  the  surrounding 
evidence  casts  suspicion  upon  this  point.  Similarly,  the  maximum  for  Beaufort 
4 appears  suspicious.  Thus  it  appears  reasonable  to  assume  that  the  ] ,k% 
of  the  data  base  where  real  vibration  amplitudes  are  in  excess  of  3000  psi 
primarily  involves  the  higher  Beaufort  wind  conditions  (and  higher  waves). 
Looking  at  the  problem  another  way,  about  98%  of  the  data  base  implies  an 
allowance  for  dynamic  addition  to  wave-induced  stress  not  appreciably  greater 
than  that  suggested  in  Appendix  C-2  for  the  UNIVERSE  IRELAND.  Elimination 
of  90  questionable  records  from  the  data  base  has  the  apparent  effect  of 
making  FOTINI-L  vibration  magnitudes  look  more  like  the  UNIVERSE  IRELAND 
vibration  magnitudes.  This  conclusion  does  not  solve  the  problem  since 
there  must  be  concern  for  the  rare  occurrences.  However,  these  rare 
occurrences  appear  associated  for  the  most  part  with  the  more  severe  wave 
conditions  as  would  have  been  expected  prior  to  an  inspection  of  the  data. 

In  order  to  treat  the  SL-7  data  in  a similar  way,  a one-way  (Beaufort 
Number)  classification  was  run  on  the  combined  three-season  SL-7  data  base, 
and  means  and  approximate  probability  contours  were  computed  as  had  been 
done  for  F0T1N1-L.  The  results  are  shown  in  Figure  C-26.  At  comparable 
levels  of  probability,  the  SL-7  vibration  magnitudes  are  clearly  higher 
than  those  of  FOTINI-L.  With  the  exception  of  the  maximum  values  experienced 
in  Beaufort  2 and  3> the  relation  between  the  maximum,  the  various  probability 
contours  and  the  mean  for  each  Beaufort  grouping  are  consistent  in  appearance. 
The  approximately  12%  of  time  that  vibration  exceeded  3000  psi  is  not  associ- 
ated as  exclusively  with  high  Beaufort  winds  as  in  the  case  of  FOTINI-L, 

Figure  C-25.  Since  the  arbitrary  3000  psi  level  was  exceeded  12%  of  the 
time,  maximum  vibration  double  amplitudes  in  excess  of  3000  psi  appear  to 
be  8 or  10  times  more  likely  In  SL-7  than  in  FOTINI-L.  Part  of  this  must 
be  attributed  to  the  bias  in  the  SL-7  data  base  (winter  North  Atlantic  only) 
relative  to  the  year  round  service  experience  in  the  FOTINI-L  data  base. 
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Investigation  of  the  Form  of  the  Distribution  of  Short-Term  Vibratory  Stress 


The  description  of  the  statistics  of  the  maximum  vibratory  stress 
double  amplitudes  by  means  of  some  semi -analytical  expression  has  obvious 
advantages.  The  process  of  arrival  at  an  expression  based  upon  the  data 
can  take  many  forms,  but  in  the  end,  all  may  be  classified  as  "curve  fit- 
ting". Since  success  in  practical  curve  fitting  depends  more  upon  the 
assumed  analytical  model  than  upon  nearly  anything  else,  any  investigation 
must  start  with  some  educated  guess-work  on  the  nature  of  the  process. 

The  first  effort  in  this  direction  was  to  investigate  the  short-term 
si tuat ion. 

Re-capitulating  from  the  descriptions  in  previous  appendices,  the 
primarily  first-mode  vibration  is  isolated  from  the  combined  stresses  by 
a band-pass  filtering  process.  Each  piece  of  data  in  the  data  base  is 
the  single  maximum  double  amplitude  of  this  vibration  which  was  exper- 
ienced in  one  20-minute  record.  No  other  measure  of  the  magnitude  of 
vibration  is  available  in  the  data  bases. 

The  vibration  observed  is  the  net  result  of  all  excitation — 
wave -induced  due  to  slamming,  flare  shock,  etc.  as  well  as  propeller- 
induced  vibration.  Propeller-induced  vibration  is  ordinarily  of  small 
magnitude — often  small  enough  to  be  disregarded  by  ship's  personnel. 

However  strain-gage  bridges  are  not  discriminatory.  Given  that  the  first- 
mode frequencies  of  the  SL-7  and  FOTINI-L  ranged  from  0.66  to  0.8Hz; 

If  more  or  less  continuous  vibration  due  to  non-wave- related  sources  was 
large  enough  to  be  sensed, i t would  be  expected  that  Detween  800  and  1000 
vibration  double  amplitudes  would  be  sensed  in  each  20-minute  record 
regardless  of  surrounding  environmental  conditions.  The  detailed  time 
histories  available  in  the  data  sub-sets  make  possible  a check  of  this 
hypothesis.  The  digital  time  histories  of  vibration  described  in 
Appendix  C-3  were  accessed  and  a count  was  made  of  the  number  of  vibration 
amplitudes  in  each  record.  The  results  were  almost  precisely  as  expected. 
Each  vibration  record  in  the  data  sub-sets  from  both  the  FOTINI-L  and  the 
SL-7  contained  between  820  and  1050  vibration  double  amplitudes.  The 
number  of  amplitudes  seemed  not  to  vary  with  Beaufort  wind  or  speed  or  any 
of  the  other  parameters. 

It  seems  clear  that  the  sensed  vibration  includes  non-wave- induced 
effects.  Though  the  maximum  vibration  amplitude  in  a record  may  be  very 
small.it  very  nearly  cannot  be  zero.  (In  fact,  the  smallest  maximum  double 
amplitude  sensed  in  the  data  sub-sets  was  300  psi).  Because  the  statistic 
of  interest  is  the  maximum  double  amplitude, it  also  cannot  be  negative. 

Thus, the  distribution  of  the  vibration  double  amplitudes  in  a given  record 
must  be  of  a type  which  is  "limited  to  the  left"-  the  probability  density 
equal  to  zero  for  values  of  vibration  < zero. 

The  evidence  about  the  number  of  vibration  double  amplitudes  suggests 
that  the  vibration  is  a very  narrow-band  process,  and  this^in  turn^ suggests 


the  assumption  that  the  vibration  double  amplitudes  are  Rayleigh  distributed; 
that  is,  the  density  of  the  double  amplitudes  (V)  would  be  given  by: 

V Expr-V2/8o2]Ao2 


(V) 


(For  V > o) 


Where: 

«r2  = The  variance  of  the  vibration 

time  history.  (The  extra  factor 
of  two  is  to  compensate  for 
double  amplitudes). 

Though  not  explicitly  stated  in  Ref  8,  the  above  assumption  seems  Implict 
in  the  part  of  that  work  which  deals  with  springing. 

If  the  assumption  is  made,  the  probability  distribution  of  the  highest^ 
double  amplitude  (Vmx)  in  a sample  of  N becomes  (Ref  19,  36): 

P (Vmx  < X)  = [l-Expf-X^Scr2)] 

Essentially,  under  these  assumptions,  the  value  of  extreme  is 
"scaled"  by  a , the  process  rms  value  of  vibrat  ion.  This  fact -makes  the 
assumption  quite  attractive  in  view  of  the  probability  that  rms  vibration 
ma/  be  computed  (Ref  8).  The  foregoing  equation  implies  that  in  90%  of 
repeated  samples  of  800  to  1000  double  amplitudes  the  ratio  Vmx/0  should 
lay  within  the  approximate  range: 


6.6  < Vmx/tr  < 8.8 

Employing  the  failure  rate  philosophy  of  Appendix  C-5,  it  is  thus 
expected  that  only  about  10%  of  observed  ratios  will  be  outside  the  above 
range  If  the  assumption  is  general ly  true  for  all  combinations  of  speed,  heading 
etc,  and  if  the  800  or  1000  amplitudes  in- each  record  are.shosen  at  random. 

This  last  is  unlikely  to  be  true,  however . The  number  of  fluctuations  in 
the  envelope  of  the  vibration  in  each  of  the  SL-7  records  was  computed. 

This  number  ranged  from  100  to  200.  The  result  implies  that  the  extreme 
in  each  record  should  be  interpreted  as  the  maximum  in  a sample  of  no 
more  than  100  or  200.  In  samples  of  100  or  200  the  extreme  ratio  (Vmx/  a) 
should  lay  within  the  approximate  range: 

5.2  < Vmx  /a  < 8.1 


in  90%  of  al  1 samples. 


The  data  sub-sets  for  FOTINI-L  and  the  SL-7  were  used  to  gain  a 
first  idea  of  the  validity  of  the  short-term  Rayleigh  assumption.  The 
rms  of  the  vibration,  a was  computed  from  the  time  series  described  in 
Appendix  C-3,  as  was  the  maximum  double  amplitude  in  each  record,  and 
the  ratio  Vmx/o  was  formed  for  each  record.  The  results  were  compared 
with  the  foregoing  90$  confidence  bounds,  for  samples  of  100  or  200, 
and  the  rates  of  failure  were  found. 

The  result  of  this  operation  was  that  all  failures  for  both  ships 
were  of  the  high  limit  of  the  confidence  bound  — the  maximum  vibration 
double  amplitude  was  higher  than  expected  relative  to  the  rms  when  the 
test  was  failed.  The  failure  rate  for  the  SL-7  was  6^*%,  that  for  the 
FOTINI-L  37%  versus  an  overall  expectation  of  10%.  The  data  in  the 
sub-sets  clearly  do  notjin  general^  conform  to  the  short-term  Rayleigh 
assumpt ion. 

The  consistent  failures  of  the  high  limit  suggested  that  the  short- 
term distribution  of  vibration  amplitudes  might  be  closer  to  exponential. 

A physical  or  mathematical  rationale  for  such  an  assumption  is  not  available, 
but  if  it  is  made  the  distribution  of  double  amplitudes  becomes: 

P(V<X)  = 1 -Exp[  -X/2^] 

(V>0) 

and  the  distribution  of  the  highest  double  amplitude  (Vmx)  in  a sample  of  N 
becomes: 

P (Vmx  < X)  . (1-Exp[  -X/2ct])N 

Using  this  last  expression,  the  extreme  ratio  of  double  amplitude  to 
rms  (Vmx/a)  in  samples  of  100  or  200  double  amplitudes  would  be  expected  to 
lie  within  the  following  range  in  90%  of  repeated  samples: 

7.0<  Vmx/a  <16.5 

This  criterion  was  applied  to  the  computed  sample  ratios  for  both  ships  as 
had  been  done  under  the  Rayleigh  assumption. 

The  results  were: 

a)  When  a failure  occurred  it  was  always 
of  the  lower  bound  in  the  data  sub-sets 
for  both  ships. 

b)  The  failure  rate  for  the  SL-7  data  was 
15%  that  for  the  FOTINI-L  was  27%. 

It  thus  appears  that  the  short-term  distribution  of  vibration  double 
amplitudes  may,  in  general.be  closer  to  exponential  than  to  Rayle  gh,  but 
neither  assumption  is  particularly  convincing  — something  in  between  may 
be  appropriate.  The  results  Imply  that  the  construction  of  long-term  trends 


of  vibration  from  estimates  of  short-term  rms  may  not  be  within  current  state- 
of-art.  In  the  case  ofthe  suspected  springing  response  of  the  F0T1NI-L, 
the  current  state-of-art  implies  a zero  mean  Gaussian  vibratory  response, 
and  consequently  a Rayleigh  distribution  of  maxima.  For  suspected  slamming 
or  flare  shock  response  as  for  the  SL-7,  i t is  not  clear  what  distribution 
current  state-of-art  implies.  In  either  case  it  may  be  suspected  that 
vibrations  due  to  propeller  excitation  are  confusing  the  situation. 

investigation  of  the  Form  of  the  Long-Term  Distribution  of  Maximum 
"Burst"  Stresses 


The  alternate  to  the  synthesis  of  a long-term  distribution  of 
maximum  double  amplitudes  of  vibration  is  to  treat  the  entire  mass  of  data 
empirically.  The  problem  is  again  one  of  making  assumptions  and  checking 
the  fit.  The  data  of  interest  is  the  extreme  vibration  double  amplitude 
observed  in  a 20-minute  sample.  From  the  discussion  in  the  previous 
section,the  short-term  distribution  is  limited  to  the  left.  If  the  as- 
sumption is  made  that  there  exists  an  initial  long-term  dist ribution  of 
vibration  amplitudes,  then  the  data  available  can  be  thought  of  as  the 
result  of  the  examination  of  a large  number  of  samples  from  the  (unknown) 
long-term  process.  Clearly,  construction  of  the  long-term  initial  dis- 
tribution seems  beyond  the  present  state  of  art.  However,  i t seems  quite  cer- 
tain that  the  type  of  this  distribution  will  also  be  limited  since,  by  def- 
inition, no  member  of  the  entire  population  of  vibration  double  amplitudes 
which  could  be  experienced  by  the  ship  can  be  negative.  Extrapolating  the 
discussion  of  the  last  section  slightly,  the  presence  of  propeller-excited 
vibration  implies  also  that  the  lower  limit  of  the  long-term  initial  dis- 
tribution is  nearly  zero. 

In  the  absence  of  an  explicit  form  for  the  initial  long-term  distrib- 
ution the  exact  distribution  of  the  extremes  in  20-minute  samples  cannot  be 
constructed.  However,  the  asymptotic  distribution  of  largest  values  (for 
large  samples)  has  been  known  to  depend  only  upon  the  general  type  of  initial 
distribution  (Ref *36).  Accordingly,  if  the  sample  from  which  the  extreme 
value  of  vibratory  stress  is  taken  is  "large",  it  may  be  hypothesized  that 
the  distribution  of  these  date  may  be  approximated  by  the  appropriate  asymptotic 
form. 


For  limited  distributions  the  "third  asymptote"  of  Ref-  36  is  appropriate. 

If  the  limit  parameter  is  assigned  the  value  zero, both  the  second  and  third 
asymptotes  (Ref  36)  are  of  the  same  form,  and  are  equivalent  to  the  two-parameter 
Weibull  distribution  extensively  used  in  Ref.  18.  For  present  purposes  this 
distribution  is  written. 

P(Vmx  < X)  - 1 -Exp[-(X  /a)m] 

(X  > 0) 

Where  the  parameters  m and  a are, in  general,  unknown. 
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To  try  out  this  assumption,  the  semi -graph i cal  approach  of  Ref.  18 
was  utilized.  This  involves  constructing  an  empirical  probability  distribution, 
plotting  it  on  a specially  constructed  probability  paper,  fitting  a straight 
line  and  making  a judgement  upon  the  deviations  of  the  empirical  data 
from  this  straight  line  to  assess  the  fit.  First,  all  the  maximum  vibration  data 
in  the  SL-7  and  FOTINI-L  data  bases  were  sorted  into  class  intervals,  the 
cumulative  count  was  computed,  and  the  results  were  divided  by  one  plus 
the  total  number  of  records  to  produce  the  empirical  cumulative  distribution. 
(Division  by  N+1  allows  the  maximum  double  amplitude  in  the  data  base  to  be 
plotted.) 


Uniform  class  intervals  were  utilized.  In  the  case  of  FOTINI-L, 
vibration  amplitudes  below  1000  psi  are  classed  as  zero  in  the  basic  data 
reduction  (Appendix  C-2) . Thus  class  intervals  1000  psi  in  width  were 
dictated  by  this  fact.  This  results  in  90%  of  the  data  being  classified 
in  the  lowest  class  — not  an  optimum  situation,  but  one  which  had  to  be 
accepted.  A choice  of  1200  psi  intervals  for  the  SL-7  (twice  the  original 
analysis  threshold)  resulted  in  14  non-null  class  intervals  with  reasonable 
numbers  of  points  in  the  upper  intervals,  and  roughly  60%  of  data  in  the 
lowest  class  interval.  After  plotting  on  the  probability  paper,  straight 
lines  were  fitted  by  a least-squares  method  to  the  empirical  data  which 
corresponded  to  probability  levels  of  0.999  and  lower. 

The  results  of  this  analysis  are  shown  in  Figure  C-27  for  both  ships. 
The  large  spots  indicate  the  maximum  values  in  the  data  sets.  The  fitted 
values  of  the  two  Weibull  parameters  are  indicated  in  the  figure.  Visually, 
the  fits  of  the  data  to  the  straight  lines  appears  as  adequate  as  the 
examples  of  similar  fits  shown  in  Ref.  18. 

Chi-Square  tests  for  goodness-of-f i t of  these  empirical  distributions 
to  the  fitted  Weibull  distributions  were  made  with  the  result  that  the 
FOTINI-L  data  passed  at  the  34%  level  of  significance  and  the  SL-7  data  at 
the  2%  level  of  significance.  Inspection  of  the  fits  in  Figure  C-27  would 
have  suggested  the  opposite  results;  the  SL-7  fit  essentially  fails  the 
Chi-Square  test  though  the  visual  fit  looks  better  than  that  for  FOTINI-L 
which  passes  the  test  handily.  What  the  results  would  have  been  had  it  been 
possible  to  sort  the  data  into  equi-probabi i i ty  class  intervals  is 
problematical.  It  is  thought, however,  that  a serious  problem  with  the 
Chi-Square  test  in  the  SL-7  data  has  to  do  with  independence  of  the  data 
itself.  Since  four  data  samples  per  watch  were  recorded,  a significant 
amount  of  sequential  correlation  could  be  present.  The  techniques  noted 
in  Appendix  C-5  could  not, for  various  reasons,  be  run  on  the  entire  SL-7 
data  base.  It  is  suspected  Lhat:  decimation  of  the  SL-7  data  base  to 
about  every  fourth  record  would  be  sufficient  to  produce  a passing 
Chi-Square  test.  It  seems  reasonable  to  accept  the  Weibull  distribution 
first  shown  in  Figure  C-27  as  a reasonable  long-term  representation  of 
the  empirical  data. 

It  was  of  interest  to  see  if  the  fits  to  the  V/eibull  distribution 
could  be  made  for  various  sub-groupings  of  the  data  base  — that  is  for  the 
various  headings,  Beaufort  numbers,  etc.;  and  whether  the  parameters  of  the 
fitted  distributions  would  make  any  sense.  Efforts  were  made  in  this 
direction.  The  results  for  each  of  the  two  ships  must  be  discussed 
separately. 
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In  the  case  of  the  F0TINI-L,a  two-way  classification  on  Beaufort 
number  and  heading  was  made  just  as  described  in  conjunction  with  Figure 
C-2V,  the  data  within  each  cell  was  sorted  into  1000  psi  class  intervals, 
and  fits  to  the  Weibull  distribution  and  Chi-Square  tests  were  attempted  for 
each  of  the  kO  resulting  sets  of  data.  The  results  of  this  effort  were  a 
complete  blank.  When  the  data  are  split  40  ways, the  140  points  in  the  data 
base  which  exceed  1000  psi  are  scattered  so  widely  that,  in  very  few  cases, 
were  there  more  than  two  points  through  which  to  draw  a straight  line,  and  not 
enough  class  intervals  were  present  to  perform  the  Chi-Square  test.  No  credance 
at  all  could  be  placed  in  the  few  results  obtainable. 

The  next  trial  was  two  one-way  classifications  of  the  data,  the 
first  upon  heading,  and  the  second  upon  Beaufort  number.  The  problems 
were  ameliorated  but  essentially  persisted  so  that  this  effort  also 
produced  no  credible  answers.  The  situations  for  both  the  heading  and 
the  Beaufort  number  classifications  were  the  same.  Figure  C-28  for  the 
heading  classification  illustrates  the  problems.  In  this  figure  the 
fitted  and  empirical  distributions  are  plotted  for  the  five  nominal 
ship-wave  headings  in  Figure  C-24.  Owing  to  the  1000  psi  class 
interval  (which  cannot  be  altered),  there  are  only  3 to  5 points  on  the 
empirical  distribution  for  each  heading.  Though  each  set  of  points 
lies  in  an  approximately  straight  line, there  can  be  very  little  confidence 
in  the  results.  The  most  which  may  be  said  is  that  the  fitted  parameters 
for  the  one-way  heading  classification  scatter  around  the  result  for  all 
the  F0TINI-L  data,  Figure  C-27. 

The  prospects  for  making  reasonable  fits  to  sub-groups  of  the  SL-7 
burst  data  were  somewhat  better  owing  to  the  larger  number  of  records  and 
the  larger  amount  of  data  above  the  600  psi  threshold.  Nevertheless  it 
was  considered  prudent  to  revise  the  classification  methods  in  the  direction 
of  providng  for  more  records  in  each  classification  cell. 

The  results  of  the  first  attempt  at  grouping  are  shown  in  Figure  C-29- 
To  produce  these  resul ts, the  data  were  sub-divided  into  four  heading  classes; 

0 to  30°  , 30  to  60  ,q60  to  120  , and  120°  to  180  . The  idea  was  to  produce 
one  class  (120  to  180  ) where  both  nominal  quartering  and  following  seas 
would  be  expected  to  fall,  one  broad  class  where  seas  on  the  beam  would  fall 
and  two  narrower  ranges  for  head  and  bow  seas.  This  first  sub-division  is  a 
one-way  classification — all  ship  speeds  and  wave  severities  are  included. 

In  the  figure, the  numbers  in  parentheses  are  the  number  of  records  in 
each  heading  class.  The  fits  to  the  distribution  are  fair,  only  that  for  the 
30  to  60U  heading  passes  Chi-Square  testing  at  5%  level  of  significance. 
However,  the  variation  of  slope  (m)  and  scaling  parameter  (a)  seems  to  make 
sense.  Vibration  magnitudes  would  be  expected  to  be  largest  in  head  seas 
and  this  is  the  direction  of  the  trend. 

The  next  one  way  classification  scheme  involved  wave  severity.  In 
some  ways  the  results  of  Ref -37  can  be  construed  to  suggest  that  the  visual 
estimates  of  wave  height  made  during  the  recording  of  the  data  are  not  im- 
possibly far  wrong — at  least  on  average.  This  point  of  view  was  adopted 
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and  the  data  were  separated  into  five  visual  wave  height  classes;  wave  heights 
0 to  5 feet,  6 to  14  feet,  15  to  24  feet,  25  to  34  feet,  and  above'34  feet. 
Empirical  distributions  were  computed  and  fitted  to  the  Weibul  distribution 
with  the  result  shown  in  Figure  C-30.  As  before,  the  total  number 'of  records 
is  shown  in  parentheses  after  each  label.  To  a point,  the  trends  are  as  would 
be  expected;the  slope  (m)  and  scaling  parameter  (a)  increase  with  wave  height. 
The  results  for  the  highest  waves  are  significantly  out  of  trend.  Examination 
of  the  detail  of  the  results  indicates  practically  no  ship  speeds  above  15 
knots  in  the  above  34-feet  class  while  ship  speeds  in  excess  of  15  knots  are 
about  half  the  total  in  the  25-34- feet  class,  and  are  practically  non-existant 
In  the  lower  classification. 

These  results  suggested  that  the  parameters  of  the  fitted  distribut 
vary  with  ship  speed  as  well  as  heading  and  wave  height.  A three-way  class- 
ification of  data  was  accordingly  attempted  by  adding  three  speed  groups  to 
the  wave  and  heading  groups  just  described.  The  three  speed  ranges  adopted 
were;  0 to  15  knots,  15  to  25  knots  and  over  25  knots.  As  in  the  previous 
analyses,  the  data  were  sorted  into  the  resulting  (5  x 4 x 3=60)  cells,  the 
data  within  each  cell  were  sorted  into  class  intervals  and  fits  to  the 
Weibul 1 distribution  and  Chi-Square  tests  were  attempted  for  each  of  the 
60  subs-sets  of  data.  The  results  of  this  effort  were  not  too  credible  for 
the  same  reasons  discussed  in  conjunction  with  the  FOTINI-L  data. 

The  best  that  could  be  done  in  this  direction  was  to  make  two, 
two-way  classifications.  The  first  was  speed-heading  for  all  wave  conditions 
and  the  second  was  wave  height-heading  for  all  ship  speeds.  The  resulting 
fitted  values  of  slope  (m)  and  scale  (a)  are  summarized  in  Table  C-9  and 
C - 1 0 . The  majority  of  the  fit-s  shown  are  as  good  or  better  than  those 
shown  in  Figures  C-29  and  C-30  when  the  smal ler  amount  of  data  are  taken  into 
account.  The  dashes  in  Table  C-10  indicate  cases  where  no  remotely  credible 
fit  could  be  obtained.  In  both  tables, a consistent  upward  trend  of  slope 
and  scale  is  shown  as  heading  tends  to  head  seas,  as  speed  reduces,  and  as 
wave  height  increases. 


TABLE  C-9 


Fitted  Welbull  Parameters  (m/a)  for  Maximum  Burst  Stresses 
in  SL-7  Data  Base:  Results  for  Various  Heading  and  Speed 
Ranges  in  all  Wave  Condtions: 

Ship-  Wave  Headings,  Degrees 


Speed  Ranqe. 

kt  0-30 

30-60 

60-120 

120-180 

0-15 

1.46/3705 

1.55/2879 

.60/417 

.59/227 

15-25 

1 .44/2969 

1.14/2014 

.85/960 

.75/589 

> 25 

0.92/1934 

0.94/1460 

.85/1037 

.77/612 

At  1 Speeds 

1.03/2259 

1.01/1623 

.83/980 

.77/590 

(Dimension  of  "a"  is  psi) 


TABLE  C-10 

Fitted  Wei  bull  Parameters  (m/a)  for  Maximum  Burst  Stresses 
in  SL-7  Data  Base:  Results  for  Various  Heading  and  Visual 
Height  Ranges  for  All  Ship  Speeds. 


Visual  Wave 
Height  Range 

0-30 

Ship 

30-60 

-Wave  Heading, 

60-120 

Degrees 

120-180 

0-5  Ft 

1.09/1179 

. 76/682 

.62/416 

.51/210 

6-14  Ft 

1.35/3529 

1.35/2098 

.95/1315 

.83/717 

15-24  Ft 

1.71/5395 

2.15/4620 

1.13/1828 

.89/1124 

25-34  Ft 

> 34  Ft 

2.61/4661 

2.20/4235 

4.89/3877 

1 

.52/1574 

(Dimension  of  "a"  is  psi) 
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APPENDIX  C-7 
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INVESTIGATION  OF  COMBINED  STRESSES 


Introduction 


As  pointed  out  in  Ref  .1,  a knowledge  of  the  maximum  double 
amplitude  of  vibration  in  a record  does  not  necessarily  enable  the  estima- 
tion of  the  maximum  combined  (wave- induced  plus  vibratory)  stress  in  the 
record  even  if  the  wave- induced  situation  is  well  in  hand.  The  maximum 
vibration  may  not  occur  at  a maximum  in  wave -induced  tension  or  compress ion-- 
and  even  in  the  event  that  it  does  coincide  with  a maximum  of  wave- induced 
stress,  there  is  no  guarantee  that  the  particular  wave-induced  maximum 
will  be  the  largest  in  the  record.  Accordingly,  the  data  sub-sets  described 
in  Appendices  C-l  and  C-3  were  utilized  in  an  investigation  of  the  statistics 
of  the  increment  to  wave-induced  stress  caused  by  vibration. 

Definition  of  Combined  Main  Extremes  of  Stress 

As  was  noted  in  Appendix  C-4,  the  descriptors  of  a wave-induced 
cycle  of  stress  which  have  the  most  pertinence  to  structural  design  are  the 
"main  extremes"  in  tension  and  compression  as  illustrated  in  Figure  C- 1 8b . 

Using  the  sample  mean  as  a reference,  a main  extreme  in  tension  was  defined 
as  the  largest  tensile  stress  observed  during  a stress  excursion  in  the 
tensile  direction,  and  a main  extreme  in  compression  was  defined  as  the 
largest  compressive  stress  observed  during  a stress  excursion  in  thecom- 
pressive  direction.  When  combined  stress  is  considered,  some  additional 
definitions  must  be  established.  The  typical  situation  is  illustrated  in 
Figure  C- 3 1 , which  indicates  a vibration  (solid  line)  superimposed  upon 

the  wave-fnduced  stress  (dashed  line)  of  Figure  C-18b.  The  main  extremes 
of  wave-induced  tension  and  compression  are  denoted  "Tw"  and  "CR".  Essenti- 
ally, these  are  the  largest  values  of  combined  stress  observed  during  a 
wave-induced  stress  excursion.  It  should  be  noted  that  the  particular  vibration 
which  establishes  the  main  combined  stress  extreme  may  occur  at  a different 
time  than  the  maximum  wave-induced  stress  in  the  excursion.  The  increments 
to  the  wave -induced  main  extremes  are  denoted  6+  for  tension  and5  - for 
compression,  Figure  C-31. 

In-so-far  as  the  dynamic  addition  to  stress  during  any  stress 
excursion  is  concerned,  these  definitions  are  in  line  with  those  employed 
in  Reference  I.  The  intended  approach  of  the  present  work  differed  from  that 
in  Reference  1 in  that  whereas  100  or  so  selected  impact  events  were  selected 
for  analysis  in  that  reference  and  its  background  studies,  it  was  the  intent 
of  the  present  work  to  look  at  all  available  events  (excursions)  in  each  record, 
and  to  repeat  this  for  all  the  records  available  in  the  FOTINI-L  and  SL~7 
data  sub-sets. 

It  was  noted  in  Appendix  C-3  that  the  digital  filtering  procedure 
adopted  resulted  in  close  time  correlation  between  the  filtered  (wave- 
induced)  stress  time  history  and  the  original  (combined)  stress  time 
history.  Accordingly,  it  was  a simple  matter  to  extract  the  main  extremes 


of  combined  stress  at  the  same  time  as  the  main  extremes  of  wave-induced 
stress  described  in  Appendix  C-4  were  developed.  At  the  end  of  the  process, 
there  was  available  (to  the  computer)  for  each  record  of  the  data  sub-sets: 


a.  An  array  of  main  extremes  of  combined  tensile  stress 

(T  ) in  the  order  found. 

K 

b.  An  array  of  main  extremes  of  combined  compressive  stress 

(CR)  in  the  order  found. 

c.  An  array  of  wave-induced  main  extremes  In  tension  (T  ) 

w' 

correspnding  to  a. 

d.  An  array  of  wave-induced  main  extremes  in  compression 

(C  ) corresponding  to  b. 

W 

Statistical  Symmetry  of  Dynamic  Increments  to  Wave-Induced  Stresses 

The  analysis  of  dynamic  increments  to  wave-induced  stresses  in 
Reference  1 indicated  that  the  increments  to  tension  are  not  statistically 
symmetrical  with  those  in  the  compressive  direction  for  the  relatively 
small  cargo  ships  studied.  In  the  case  of  the  present  shi ps, inspection  of  the 
portions  of  the  records  in  the  data  sub-sets  shown  in  Figures  C-14  andC-15 
suggested  an  opposite  conclusion.  (The  valid  vibratory  response  for  the 
FOTINI-L  appears  similar  to  springing,  and  that  for  the  SL-7  appears  to  be 
a combination  of  slamming  and  flare  shock.) 

The  results  of  a simple  investigation  into  the  symmetry  of  the 
dynamic  increments  ( $ + and  fi-)  to  wave-induced  stress  are  summarized  in 
Figures  C-32  for  the  FOTINI-L  and  C-33  for  the  SL-7.  The  maximum  dynamic 
Increments  to  wave-induced  stress  were  found  for  each  record,  and  the  maximum 
for  tension  was  plotted  against  the  maximum  for  compression  on  logarithmic 
scales.  Without  attempting  any  arithmetic,  the  maximum  dynamic  additions 
to  wave'induced  stress  appear  to  be  quite  symmetric  for  both  ships.  In 
any  given  record  in  the  sub-sets,  there  appears  to  be  roughly  an  even 
chance  that  the  maximum  increment  to  compression  will  be  greater  than  that 
to  tension.  As  in  the  case  of  similar  comparison  plots  of  maximum  wave- 
induced  stresses,  Figure  C— 16,  C— 17,  there  is  likely  to  be  a significant 
scatter  due  to  the  fact  that  isolated  maxima  are  being  compared.  The 
mean  increments  to  tension  and  compression  were  computed  for  each  record 
and  plotted  in  a similar  fashion.  As  expected,  the  scatter  was  much 
reduced  and  the  apparent  symmetry  confirmed. 

Short-Term  Distributions  of  the  Dynamic  Increment  to  Wave-Induced  Stresses 

The  implication  in  Reference  1 is  that  the  dynamic  increment  to 
compression  may  be  exponential  in  the  short  term  while  the  dynamic  increment 
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Figure  C-31  Definition  of  the 
Combined  Main  Extremes  in  Tension 
and  Compression,  and  the  Incremen 


Maximum  increment  to  Wave-Induced  Compression  5",  KPSI  Maximum  Increment  to  Wave-Induced  Compression,  KPSI 

Figure  C-32  FOTINI-L:  Comparison  of  the  Maxi-  Figure  C-33  SL-7:  Comparison  of  the  Maximum 

mum  Dynamic  Increment  to  Wave-Induced  Tension  Dynamic  Increment  to  Wave-Induced  Tension  with  the 

with  the  Maximum  Increment  to  Wave-Induced  Maximum  Increment  to  Wave-Induced  Compression 

Compression 


to  tension  may  be  Rayleigh.  However,  previously  presented  data  indicate 
the  increment  to  be  statistically  symmetrical  in  the  present  case.  Accord- 
ingly, the  increments  to  tension  and  the  increments  to  compression  were 
subjected  to  tests  for  fit  to  both  the  exponential  and  Rayleigh  distributions. 
The  procedures  utilized,  including  decimation  to  reduce  the  effects  of 
sequential  correlation,  were  the  same  as  those  described  in  Appendices 
C-4  and  C-5. 


In  the  exponential  distribution  tests  on  the  SL-7  data,  the  distribu- 
tion parameter  was  fitted  to  the  data  using  the  maximum  likelihood  method. 

The  Chi-Square  test  on  the  increments  to  wave-induced  tension  was  failed  in 
92%  of  the  records,  and  the  Chi-Square  test  on  the  increments  to  wave- induced 
compression  was  failed  84%  of  the  time  at  the  5%  level  of  significance. 

The  failures  were  overwhelmingly  at  or  below  the  1%  level  of  significance. 

The  tests  on  the  sample  extremes  failed  in  60%  of  all  cases.  The  results 
suggest  that  the  exponential  distribution  is. in  general,  not  a reasonable 
assumption  for  either  the  increments  to  tension  or  the  increments  to 
compression  found  in  the  SL-7  data. 

Next  the  dynamic  increment  data  were  checked  for  fit  to  the 
Rayleigh  distribution.  The  distribution  parameter  was  fitted  to  the  data. 

Failure  rate  results  are  summarized  in  Tables  C - 1 1 and  C - 1 2 . The  failure  rate 
with  respect  to  the  Rayleigh  distribution  is  quite  high.  In  this  case, a pattern 
different  than  that  for  wave-induced  main  extremes  (Appendix  C-4)  is  apparent; 
that  is,  the  Rayleigh  assumption  for  the  increments  improves  for  following 
seas  rather  than  degrades,  the  failure  rate  for  head  seas  appears  very  high, 
and  no  significant  correlation  with  stress  level  is  apparent.  There  are 
a great  many  instances  of  failure  at  1%  level  of  significance  in  these 
results.  With  overall  failure  rates  8 to  10  times  that  expected, it  is  also 
quite  difficult  to  accept  the  short-term  Rayleigh  hypothesis  as  being 
generally  applicable  to  the  dynamic  increments  to  the  wave-induced  stresses 
in  the  SL-7  data  sub-set. 

The  dynamic  increments  found  in  the  90  valid  records  of  the 
FOTINI-L  data  sub-set  was  checked  for  fit  to  the  exponential  and  Rayleigh 
distributions  in  the  same  way  as  had  been  done  in  the  case  of  the  SL-7. 

The  results  of  this  procedure  were  essentially  the  same.  The  dynamic  increments 
to  tension  and  compression  failed  the  Chi-Square  tests  at  the  5%  level  of 
significance  for  fit  to  the  exponential  distribution  in  more  than  9L%  of  the 
records.  The  failures  in  the  FOTINI-L  tests  were  also  overwhelmingly  or  below 
the  1%  level  of  significance.  In  checking  the  fits  of  the  dynamic  increments 
to  the  Rayleigh  d i str i but  ion, both  the  Chi-Square  and  Kolmogorov-Smi rnov 
tests  were  performed.  Overall  failure  rates  of  these  tests  were  in  the 
range  of  55  to  60%  at  the  5%  level  of  significance.  With  failure  rates  10  times 
that  expected,  correlation  of  failures  with  the  various  known  parameters 
was  not  attempted. 

It  appears  that  the  distributions  of  vibratory  stress  additions 
found  applicable  for  the  small  cargo  ships  of  Reference  1 are  not  overwhelmingly 
attractive  assumptions  in  the  cases  of  the  FOTINI-L  and  the  SL-7. 
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Independence  of  Wave- Induced  Main  Extremes  and  Dynamic  Increments  in  the  Short  Term 


One  of  the  operations  in  the  background  work  to  Reference  l was  an 
examination  of  the  correlation  of  slam-induced  stresses  with  wave-induced  stress- 
es for  a small  cargo  ship.  It  was  of  interest  to  perform  a somewhat  parallel 
investigation  In  the  current  case.  In  previous  work  herein, it  was  found  that 
the  maximum  vibration  amplitude  tends  to  Increase  with  wave  severity.  If  the 
vibration  Is  a direct  result  of  Individual  wave  cycles  it  would  be  more  or 
less  expected  that  the  dynamic  increment  to  wave- induced  stress  would  vary  In 
the  short  term  with  the  magnitude  of  wave-induced  main  extremes. 

The  simplest  first  check  on  the  short-term  interdependence  of  the  wave- 
induced  main  extremes  and  the  dynamic  increments  Is  to  compute  the  correlation 
coefficients  of  the  data  for  each  record.  This  was  done  for  all  the  good 
records  in  the  SL-7  and  FOTINI-L  data  sub-sets.  The  great  majority  of  the 
correlation  coefficients  computed  were  within  the  range  ± 0.20  with  the 
largest  magnitude  in  either  data  set  being  about  0.5. 

This  result  suggested  that  the  dynamic  increments  and  the  wave-induced 
main  extremes  tended  to  be  independent  in  the  short  term.  A further  check  on 
this  was  attempted  by  means  of  standard  contingency  table  analysis  techniques 
(Reference  38,39).  In  order  to  avoid  the  problems  which  arise  because 
the  short-term  distributions  of  neither  the  dynamic  increments  or  the  main 
extremes  are  known  with  any  certainty  the  distribution-free  approach  suggosted 
In  Reference  39  was  used.  This  approach  amounts  to  finding  the  median  of  the 
increments  and  main  extremes  in  each  record  and  then  classifying  each  of  the 
Increment-main  extreme  pairs  into  one  of  four  classes:  1 ) both  elements  above 
their  respective  medians,  2)  both  below,  3)  the  first  of  the  pair  above,  the 
second  below,  and  4)  the  reverse  of  third  category.  The  result  of  this  operation 
is  the  number  of  pairs  falling,  in  each  cell  of  a 2 x 2 contingency  table  which 
may  be  analyzed  with  standard  methods.  In  these  methods, the  hypothesis  is  made 
that  the  two  sets  of  data  are  independent',  a statistic  is  computed, which  is 
approximately  Chi-Square  distributed  with  one  degree  of  freedom  in  the  case 
of  a 2 x 2 table,  and  the  acceptance  or  rejection  of  hypothesis  is  made  in 
much  the  same  way  as  described  for  the  goodness-of-f i t tests  in  Appendix  C-5. 

The  results  of  carrying  out  this  procedure  on  all  good  records  in  the 
SL-7  data  sub-set  were  that  the  hypothesis  of  Independence  of  increments  to 
tension  and  main  tensile  extremes  was  rejected  in  only  3%  of  the  records 
at  the  5%  level  of  significance.  The  corresponding  rejection  rate  of  increments 
to  compression  and  main  compressive  extremes  was  12%.  In  the  case  of  FOTINI-L, 
the  rejection  rates  at  the  5%  level  of  significance  were  14%  for  tension  and 
26%  for  compression.  As  in  the  previous  tests,  an  approximately  5%  rejection 
rate  at  the  5%  level  of  significance  can  be  accepted  as  the  result  of  vari- 
ability. An  Inspection  of  the  details  of  the  results  disclosed  that  highly 
significant  failures  (corresponding  to  levels  of  significance  below  2% 
say)  were  involved  In  less  than  half  the  total,  and  that  in  about  half 
the  cases  of  failure, the  vibratory  stress  levels  were  extremely  low. 

If  the  failures  for  extremely  low-stress  levels  are  discounted,  the 
rejection  rates  for  the  SL-7  data  may  be  considered  in  line  with  that  ex- 
pected, and  it  seems  reasonable  to  accept  the  proposition  that  the  dynamic 
Increments  and  wave-induced  main  extremes  in  the  SL-7  data  are  statistically 


independent  in  the  short  term.  On  the  same  basis, the  short-term  independence 
of  dynamic  increments  to  tensions  and  main  extremes  in  tension  for  the  FOTINI-L 
may  be  accepted.  Independence  of  compressive  increments  and  compressive  main 
extremes  in  the  case  of  FOTiNI-L  is  apparently  a more  tenous  assumption. 

Short-Term  Distribution  of  Combined  Stresses 

Concurrent  with  the  investigation  of  wave-induced  main  extremes 
noted  in  Appendix  C-4., tt  was  convenient  to  test  the  main  extremes  of  combined 
stress  Figure  C-3 1 ) for  fit  to  Rayleigh  distribution.  This  was  carried 

out  on  the  possibility,  as  asserted  in  Reference  40  on  the  basis  of  a fairly 
elaborate  phase-plane  argument,  that  the  main  extremes  as  derived  herein 
follow  the  Rayleigh  distribution  regardless  of  spectral  broadness.  The 
tests  were  carried  out  in  an  identical  manner  to  those  described  in  Appendix 
C-4.  Failure  rates  of  the  tests  on  the  $1-7  combined  stress  main  extremes 
were  very  nearly  the  same  as  those  shown  in  Tables  C-4  and  C-5  for  the  wave- 
induced  main  extremes.  Overall  failure  rates  for  the  combined- stress  main 
extremes  of  the  FOTINI-L  data  were  in  the  neighborhood  of  50%;  a significant 
increase  over  those  shown  for  wave-induced  main  extremes  in  Table  C-6. 

Including  the  vibration  of  the  FOTINI-L  data  produces  an  apparent  broad-band 
process.  The  results  do  not  bear  out  the  philosophy  of  Reference  40. 

Another  possible  approach  to  the  short-term  distribution  of  combined- 
stress  amplitudes  is  to  consider  the  combined  stress  as  a zero  mean 
Gaussian  process  which  is  the  sum  of  two  like  processes,  the  wave-induced 
stress  and  the  vibratory  stress.  (This  is  the  point  of  view  implied  in  the 
analysis  of  short-term  vibration  in  Appendix  C-6). 

As  in  the  case  of  the  increments  to  stress,  it  was  convenient  to 
investigate  this  assumption  concurrently  with  the  tests  of  the  SL-7  wave- 
induced  maxima  against  the  CLH  distribution,  Appendix  C-4.  The  procedure 
involved  finding  all  the  maxima  and  minima  of  the  combined-stress  records 
in  the  SL-7  data  sub-set.  The  results  were  decimated  to  reduce  serial 
correlation,  a fit  to  the  CLH  distribution  was  made,  and  the  Chi-Square, 
and  Kolmogorov-Smi rnov  tests  as  well  as  the  tests  on  the  extreme  in  the 
sample  were  carried  out  as  in  Appendix  C-4. 

The  first  result  of  the  procedure  was  not  too  surprising.  Ninety- 
four  percent  of  the  fitted  broadness  parameters  were  above  0.8,  the  remain- 
ing six  percent  were  between  0.7  and  0.8.  The  fitted  values  of  RMS  and 
broadness  parameters  appeared  symmetrical  in  that  the  values  derived  from 
maxima  and  minima  were  nearly  the  same.  The  overall  failure  rates  of  the 
Chi-Square  tests  at  the  5%  level  of  significance  were  9%  for  maxima  and  12% 
for  minima.  Those  for  the  Kolmogorov-Smi rnov  tests  were  3%  for  maxima  and  5% 
for  minima.  There  were  no  particularly  significant  differences  in  failure 
rate  between  head  or  bow  seas  and  quartering  or  following  seas.  The  failure 
rates  of  the  goodness-of-f 1 t tests  are  near  enough  to  that  expected,  and  the 
broadness  parameters  are  so  high  in  general  that  the  results  Imply  that  the 
short-term  maxima  and  minima  of  the  combined  stresses  in  the  SL-7  data  sub- 
set are  generally  nearly  normally  distributed. 
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On  the  other  hand, the  tests  on  the  sample  extremes  of  the  short-term 
minima  (compressive  stress  or  sagging  momect)  implied  a somewhat  different  conclusion. 
The  overall  failure  rates  on  the  tests  on  the  extremes  of  the  samples  were 
32%  for  combined  minima  and  151  for  combined  maxima.  The  former  is  three 
times  the  rate  expected.  In  the  tests  on  sample  extremes,  there  are  four 
possible  modes  of  failure:  the  largest  element  of  the  sample  can  be  either 
larger  or  smaller  than  expected  , as  can  the  smallest  element  in  the  sample. 

It  was  found  that  the  failure  mode  in  the  tests  on  extremes  of  the  minima 
was  such  that  the  largest  value  was  larger  than  expected  in  80$;  of  the 
failures.  (The  largest  compressive  (sagging)  combined  stress  was  larger 
than  expected).  These  failures  were,  moreover,  concentrated  in  the  head  and 
bow-sea  cases  and  in  the  severest  nominal  weather  in  the  data  sub-set.  The 
implication  is  that  while  the  combined  maxima  may  be  nearly  normally  distri- 
buted, severe  wave-induced  vibratory  response  may  upset  the  upper  "tail" 
of  the  distribution.  This  indication  is  consistent  with  the  analysis  of  the 
isolated  vibration  in  Appendix  C-6.  There.it  was  found  that  the  maximum 
vibration  was  also  fairly  consistently  higher  than  expected  relative  to  the 
RMS  vibration. 


As  has  been  noted  previously,  the  Idea  that  the  RMS  combined  stress 
may  be  synthesized  in  the  short-term  by  adding  the  squares  of  RMS  wave- 
induced  stress  and  vibratory  stress  is  most  attractive.  The  results  'or 
the  SL-7  Just  cited  are  encouraging  in  this  respect,  at  least  for  average 
conditions.  However,  ithe  data  do  not  provide  a very  good  check  on  the 
idea  of  addition  because  the  difference  between  process  RMS  wave-induced 
stress  computed  from  the  data  and  the  correspondingly  computed  process  RMS 
combined  stress  are  extremely  small. 


Statistical  Relationships  Between  the  Maximum  Vibration  Double 
Amplitudes  and  the  Maximum  Dynamic  Increments  in  Each  Record 


Since  the  prospects  for  the  synthesis  of  the  combined  stresses  in  the 
short-term  for  the  two  ships  appeared  mixed  at  best,  it  was  of  interest  to 
investigate  possible  relationships  between  the  maximum  vibration  double 
amplitude  in  each  record  and  the  maximum  dynamic  increments. 

The  results  in  Appendix  C-6  include  empirical  approximations  to  the 
distribution  of  the  maximum  double  amplitude  of  (isolated)  vibration  in  the 
relatively  long  term  ( over  the  data  bases  for  each  ship).  If  the  data 
sub-sets  for  each  ship  are  reasonable  samplies  of  the  long-term  situation 
(as  suggested  in  Appendix  C - 1 ) , then  it  might  be  hoped  that  relationships 
between  maximum  vibration  double  amplitudes  and  maximum  dynamic  increments 
observed  in  the  data-sub-sets  would  be  applicable  in  the  long  term. 

Perhaps  the  most  conservative  attitude  in  developing  the  extremes 
of  combined  stress  in  a record  is  to  postulate  that  half  the  (isolated)  maxi- 
mum vibration  double  amplitude  is  added  to  the  maximum  main  extremes  of 
wave-induced  tension  and  compression  . If  this  is  true,  the  maximum  dynamic 
increments  to  wave-induced  stresses  would  be  equal  in  magnitude  to  half  the 
vibration  double  amplitude.  Thus,  half  the  maximum  vibration  double  ampli- 
tude appears  to  be  a reasonable  scaling  parameter  for  the  maximum  dynamic 
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Increments  to  stress.  Similarly,  a reasonable  scaling  parameter  for  the 
wave-induced  main  extremes  which  are  associated  with  the  maximum  dynamic 
increments  in  the  record  appeared  to  be  the  maximum  wave-induced  main  extremes 
in  the  record. 

The  procedure  Implied  above  was  carried  out  upon  each  valid  record  In 
the  data  sub-sets  for  both  the  SL-7  and  the  FOTINI-L.  For  each  record,  the 
maximum  dynamic  increments  to  tension  and  compression  were  found  and 
divided  by  half  the  maximum  vibration  double  amplitude  in  the  record.  To 
each  of  these  maximum  Increments  there  corresponded  wave-induced  main  ex- 
tremes. These  main  extremes  in  tension  and  compression  were  divided  by 
the  maximum  wave- induced  main  extremes  in  the  record. 

The  first  question  to  try  to  answer  from  the  above  results  was  that 
of  the  relative  magnitude  of  maximum  dynamic  increments.  Histograms  were 
formed  for  each  of  the  two  data  sub-sets  of  the  ratio:  (the  maximum  dynamic 
increment)  half  the  maximum  vibration  double  amplitude).  These  results  are 
shown  in  Figure  C-3*»  for  the  F0T1MI-L  and  In  Figure  C-35  for  the  SL-7. 

Considering  the  results  for  the  FOTINI-L,  Figure  C-31*,  it  appears 
that  the  maximum  increment  to  tension  or  compression  may  be  expected  to 
range  from  about  0.5  to  1.2  times  half  the  maximum  vibration  double  ampli- 
tude. The  most  probable  value  of  the  ratio  appears  to  be  about  0.9.  Since 
there  is  no  guarantee  that  the  maximum  vibration  double  amplitude  as  de- 
rived from  data  involves  a symmetrical  oscillation,  the  ratio  need  not  be 
unity  or  less,  it  should  be  noted  that  the  3%  of  records  which  produced 
the  non-zero  histogram  values  between  ratios  of  1.3  and  1.6  involved  very 
low  overall  stress  magnitudes  or  very  low  level  vibration,  and  accordingly 
their  validity  is  discounted.  On  the  whole,  the  results  in  Figure  C-31* 
for  the  FOTINI-L  suggest  that  It  would  not  be  terribly  conservative  to  assume 
that  the  maximum  dynamic  increment  to  tension  or  compression  in  a record 
is  approximately  equal  to  half  the  maximum  vibration  double  amplitude. 

The  corresponding  results  for  the  SL-7  (Figure  C-35)  show  that  the 
maximum  increment  to  tension  or  compression  may  be  expected  to  range  from 
about  0.5  to  1.3  times  half  the  maximum  vibration  double  amplitude.  The 
few  records  which  produced  nor.-zero  values  of  the  histogram  between  ratios 
of  1.3  and  1.6  involve  low  stress  levels  and,  as  In  the  case  of  the  FOTINI-L, 
are  discounted.  The  shape  of  the  histogram  for  the  SL-7  (Figure  C-35)  Is 
clearly  different  from  that  for  the  FOTINI-L  (Figure  C-31*).  The  most  proba- 
ble value  of  the  SL-7  maximum  dynamic  increment  ratio  appears  to  be  slightly 
lower  but  the  dispersion  appears  greater.  In  about  251  of  the  records  the 
maximum  dynamic  Increment  to  tension  or  compression  was  greater  than  half 
the  maximum  vibration  double  amplitude.  It  appears  reasonable  to  assume 
that  the  differences  In  shape  of  the  histograms  for  the  two  ships  reflect 
the  probable  differences  In  origin  of  the  vibration.  (Springing  for  FOTINI-L 
slamming  or  flare  shock  for  the  SL-7). 
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The  next  part  of  the  maximum  combined  stress  problem  is  the  question 
of  the  magnitudes  of  wave-induced  main  extremes  when  the  maximum  dynamic  incre- 
ments occur.  As  previously  noted,  the  wave-induced  main  extremes  in  tension 
and  compression  which  were  associated  with  the  maximum  dynamic  increments 
were  found  and  divided  by  the  maximun  wave-induced  main  extremes  found  in 
the  record.  Histograms  of  the  resulting  ratio  were  formed  from  each  of 
the  two  data  sub-sets,  and  the  results  are  shown  in  Figures  C-36  and  C-37 • 


Considering  Figure  C-36  for  the  FOTINI-L  , it  is  apparent  that  when 
the  maximum  dynamic  Increment  to  stress  was  experienced,  the  wave-induced 
stress  wasmost  likely  to  have  been  less  than  half  of  the  maximum  waveMnduced 
extreme  in  the  record.  The  corresponding  histogram  for  the  SL-7  (Figure  C-37) 
is  nearly  uniform;  the  wave-induced  main  stress  extreme  at  the  time  of  maximum 
dynamic  increment  is  about  as  likely  to  be  one  fraction  of  the  record  maximum 
as  another. 


The  general  conclusion  from  this  Investigation  was  the  addition 
of  half  the  maximum  double  amplitudes  of  vibration  to  the  maximum  wave- 
induced  extremes  in  tension  and  compression  would  quite  likely  be  an 
overly  conservative  procedure.  Though  this  addition  can  and  did  occur,  it 
does  not  appear  highly  probable.  Essentially,  while  the  maximum  dynamic 
increment  in  the  record  is  approximately  half  the  maximum  double  amplitude 
of  vibration^ j^e  ^ata  indicate  that  it  may  increase  wave-induced  excursions 
of  any  magnitude. 


The  Composition  of  the  Maximum  Combined  Stress  in  the  Record 


The  results  of  the  last  section  implied  that  perhaps  the  problem  was 
not  being  approached  from  an  advantageous  direction.  In  the  present  con- 
text, the  real  interest  Is  in  the  maximum  combined  stress  in  a record.  The 
maximum  combined  stress  in  tension  or  compression,  within  the  definition  of 
FIgure'C-31,  is  the  sum  of  a wave-induced  main  extreme  and  a vibration  in- 
duced dynamic  increment.  Accordingly,  it  appeared  reasonable  to  investigate 
the  wave-induced  stress  and  the  dynamic  increments  "associated"  with  the 


maximum  combined  stress  in  each  record 


The  procedure  followed  was  similar  to  that  of  the  last  section,  and 
was  carried  out  upon  each  valid  record  in  the  data  sub-sets  for  both  the 
SL-7  and  the  FOTINI-L.  First,  the  maximum  main  excursion  of  combined 
stress. in  tension  and  in  compression  was  found  for  each  record.  Once  this 
is  accomplished,  two  "associated"  components  may  be  found  for  both  ten- 
sion and  compression: 


The  wave-induced  main  extreme  which  is  associated  with  the 
maximum  main  excursion  of  combined  stress  (one  value  associated 
with  maximum  combined  tension,  and  one  associated  with  compres 
sion) . 


The  dynamic  Increment  associated  with  the  maximum  main  excursion 
of  combined  stress  (again,  one  value  each  for  tension  and  com- 
pression) . 


The  sum  of  Items  I)  and  2)  for  tension  and  compression  is,  by  definition 
the  maximum  main  extreme  of  combined  tensile  or  compressive  stress  in  the 
record.  In  order  to  compare  the  results  from  all  records;  the  associated 
wave-induced  extremes  In  tension  and  compression  were  divided  by  the  maxi- 
mum wave-induced  main  extremes  found  in  the  record;  and  the  associated 
dynamic  increments  were  divided  by  half  the  maximum  isolated  vibration 
double  amplitude. 

As  before,  histograms  of  the  various  ratios  were  formed  for  each  of 
the  two  data  sub-sets.  Figures  C-38  for  the  SL-7  and  C-39  for  the  FOTINI-L 
indicate  the  statistics  of  the  ratio  of  the  wave-induced  main  extremes 
associated  with  maximum  combined  stresses,  to  the  maximum  wave-induced  main 
extremes  in  the  record. 

In  the  case  of  the  SL-7,  Figure  C-38,  the  conclusion  is  obvious.  In 
about  951  of  all  records  in  the  data  sub-set,  the  wave- induced  main  extreme 
associated  with  the  maximum  combined  stress  is  either  within  5%  of  the  maximum 
wave-induced  main  extreme  In  the  record  or  exactly  equal  to  it.  (Actually  , 
the  associated  wave-induced  main  extreme  and  the  maximum  were  identical  in 
851  of  the  data  sub-set).  No  values  of  the  ratio  were  found  to  be  less  than 
0.85.  The  results  Indicate  that,  with  very  little  conservatism,  the  maximum 
combined  stress  in  a record  could  be  generally  assumed  to  result  from  the 
addition  of  vibration  to  the  maximum  wave-induced  stress. 

The  situation  for  the  FOTINI-L,  Figure  C-39,  is  similar  but  not  as 
clear  cut.  In  about  65%  of  the  records  in  the  data  sub-set,  the  wave- induced 
main  extreme  associated  with  the  maximum  combined  stress  is  within  10%  of  the 
maximum  wave-induced  main  extreme  in  the  record.  The  detailed  results  show  that 
the  associated  wave-induced  main  extreme  and  the  record  maximum  were  identical 
in  about  50%  of  the  data  sub-set.  In  the  case  of  the  FOTINI-L,  the  assumption 
appears  within  reason,  though  somewhat  conservative,  that  the  maximum  combined 
stress  in  a record  is,  in  general,  the  result  of  the  addition  of  vibration 
to  the  maximum  wave- induced  stress. 

The  corresponding  histograms  of  the  dynamic  increments  associated 
with  the  maximum  combined  stress  main  extremes  are  shown  in  Figures  C-^»0 
and  C-41 . In  the  case  of  the  FOTINI-L,  Figure  C-40,  the  ratio  of  the 
associated  dynamic  increment  to  half  the  maximum  vibration  double  amplitude 
scatters  reasonably  uniformly  between  2ero  and  just  above  unity.  The 
two  records  in  the  data  set  which  produced  ratios  between  1.2  and  1.3  involved 
very  low  stress  levels  and  are  discounted  as  before.  The  results  for  the 
SL-7,  Figure  C-4l,  show  a reasonably  uniform  distribution  of  ratios 
between  zero  and  about  0.7,  and  a lessening  of  incidence  of  higher  ratios. 
Figures  C-40  and  C-41  suggest  that  it  may  be  reasonable  to  assume  that  the 
ratio  of  the  associated  dynamic  increment  to  half  the  maximum  vibration 
double  amplitude  is  uniformly  distributed  between  zero  and  about  1.1  for 
both  ships.  As  may  be  noted  from  the  figures,  the  assumption  Is  conserva- 
tive, but  not  overly  so. 


Figure  C-40  FOTINI-L  Data  Sub-Set,  Histogram  Figure  C-41  SL-7  Data  Sub-Set,  Histogram 
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